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Abstract
Background: Methylmercury is one of the most toxic forms of mercury, which severely
afflicts the developing fetus. Methylmercury exposure occurs not only through fish
consumption but also through rice consumption. However, rice does not contain the
same beneficial micronutrients that fish/shellfish has. Therefore, prenatal methylmercury exposure through maternal rice consumption may potentially increase adverse
health effects on the developing fetus.
Objectives: The purpose of this dissertation was to investigate the magnitude
of prenatal methylmercury exposure through rice consumption and the relationship
between maternal mercury biomarkers and birth outcomes.
Methods: A total of 398 pregnant women were recruited at parturition in a rural
area of southern China, where rice was a staple food and mercury contamination
was considered minimal. Total mercury and/or methylmercury concentrations were
measured in maternal hair and blood, in rice samples from each participant’s home,
and in freshwater fish tissue purchased from local markets. Additional fish/shellfish
mercury levels were obtained from a literature review. Neonatal weight, length and
head circumference were recorded shortly after birth and then converted to: birth
weight z score, birth length z score, head circumference z score, and ponderal index
(birth weight/birth length3 ).
Results: The geometric means of hair total mercury, hair methylmercury, and
blood total mercury were 0.41 µg/g, 0.27 µg/g, and 1.3 µg/L, respectively, which
were comparable to other pregnant cohorts with low-level mercury exposure mainly
through fish/shellfish consumption. All three mercury biomarkers were significantly

v

correlated with rice methylmercury intake, but not fish/shellfish methylmercury intake. After adjusting for covariates, both hair total mercury and hair methylmercury
were negatively related with birth weight z score. An inverse relationship was also
observed between blood total mercury and ponderal index. In contrast, the relationships between mercury biomarkers and other outcome measures were inverse but
non-significant.
Conclusions: Our findings confirm the presence of low-level prenatal methylmercury exposure occurring in this cohort, and indicated that rice intake contributed to
the prenatal methylmercury exposure, more so than fish/shellfish intake. Also, inverse linear relationships between prenatal methylmercury exposure and birth weight
and ponderal index were observed.
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Chapter 1
Introduction
1.1

Background

Mercury (Hg) is a toxic heavy metal that has been used commercially and medically for centuries (e.g., Hg mining, batteries, fluorescent lamps, dental amalgams,
thermometers, and blood pressure cuffs) (World Health Organization, 1990; U.S. Environmental Protection Agency, 1997; Clarkson & Magos, 2006). During the past
several decades, Hg exposure has been becoming an important issue of global health
due to its widespread distribution and persistence in the environment, as well as its
bioaccumulation through the food chain, with potential adverse influences on humans
and ecosystems (World Health Organization, 1990; National Research Council, 2000;
Clarkson et al., 2003). In 2013, an international treaty named the Minamata Convention on Mercury was opened for signature and ratification. The aim of this treaty
is to protect human health and the environment from anthropogenic production and
release of Hg, such activities as mining, fossil fuel combustion, and waste management of products containing Hg (United Nations Environment Programme, 2016).
The Minamata Convention on Mercury will go into effect 90 days after it has been
ratified by at least 50 nations. To date, 128 countries have signed the Minamata
Convention; 29 of these countries have ratified the treaty, including the U.S., which
was the first nation to do so (United Nations Environment Programme, 2016).
There are three primary forms of Hg in the environment: elemental Hg (Hg0 ),
inorganic mercurial salts (Hg2+ ), and organic Hg [primarily methylmercury (MeHg)]
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(U.S. Environmental Protection Agency, 1997; Clarkson, 2002). In nature, Hg0 is released from the Earth’s crust (e.g. soil and rocks) through weathering, from lakes and
oceans, and from volcanoes and forest fires (U.S. Environmental Protection Agency,
1997; Clarkson, 2002). However, the main source of Hg0 is anthropogenic, including
coal-burning power plants and incinerators (Mason et al., 1994). Once Hg is released
into the environment, it becomes highly mobile due to its volatility and cycles in
the atmosphere, lithosphere, hydrosphere, and biosphere (U.S. Environmental Protection Agency, 1997; Clarkson, 2002). After atmospheric emission, Hg0 is oxidized
to Hg2+ , which may return to the earth in rainfall or dry deposition (U.S. Environmental Protection Agency, 1997; Clarkson, 2002). In the aquatic environment, Hg2+
can be methylated to MeHg by anaerobic microorganisms (Parks et al., 2013), which
is biomagnified in fish, shellfish, and sea mammals (e.g., whales, seals) (Morel et al.,
1998). MeHg has a long half-life in aquatic organisms, resulting its bioaccumulation
and biomagnification in the aquatic food chain (National Research Council, 2000).
Fish/shellfish is the predominant source of human dietary MeHg exposure (World
Health Organization, 1990; U.S. Environmental Protection Agency, 1997; Clarkson &
Magos, 2006). Recently, MeHg exposure via rice consumption has also been reported
by a few studies (Feng et al., 2008; Rothenberg et al., 2011; P. Li et al., 2012; Davis
et al., 2014). Thus, rice consumption may play a significant role in dietary MeHg
intake in populations who consume rice as a staple food (Rothenberg et al., 2011,
2013, 2014).

1.2

Methylmercury: toxicity, source, and exposure

MeHg characteristics
MeHg is one of the most toxic forms of Hg (National Research Council, 2000). After
dietary MeHg exposure, MeHg is absorbed and distributed throughout the body
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(World Health Organization, 1990). Intracellular mercuric ions attach themselves to
the thiol residues of proteins, which blocks the normal bindings of enzymes, cofactors,
and hormones (Bridges & Zalups, 2005). The central nervous system is the major
system impacted by the MeHg exposure (e.g., coordination, the senses of touch, taste,
and sight). MeHg also affects the immune system, and genetic and enzyme systems
(World Health Organization, 1990; U.S. Environmental Protection Agency, 1997;
Clarkson & Magos, 2006).
MeHg exposure poses a significant health risk to the developing fetus (Clarkson &
Magos, 2006; Mergler et al., 2007; Grandjean et al., 2010; Bose-O’Reilly et al., 2010).
MeHg readily crosses the placenta and blood-brain barrier (Cernichiari et al., 1994;
Ramirez et al., 2000).

Biomarkers of MeHg exposure
Both scalp hair Hg and whole blood Hg have been used as valid biomarkers in studies
of human MeHg exposure (Clarkson & Magos, 2006; Mergler et al., 2007). Total
mercury (THg) levels in the whole blood can give an estimate of both MeHg and
inorganic Hg exposure (Kershaw et al., 1980; Berglund et al., 2005; Clarkson & Magos,
2006). In a study, Kershaw et al. (1980) firstly gave participants a single meal of fish
(dose of Hg consumed: 18 to 22 µg/kg body weight). Then they found that the blood
THg concentrations reached the peak ranging from 4.7 to 14 hours, while the blood
inorganic Hg concentrations did not change significantly. The author indicated that
the increase of THg levels in whole blood following the consumption of fish was due
to the MeHg intake (Kershaw et al., 1980). Blood THg has usually been used as
an indicator of MeHg exposure in fish-eating cohorts with an assumption that the
inorganic Hg exposure was minimal (Schober et al., 2003; Weil et al., 2005).
Hair THg can reflect MeHg exposure at all exposure levels, but not inorganic Hg
exposure (Lindberg et al., 2004; Berglund et al., 2005; Clarkson & Magos, 2006).
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After exposure, MeHg is first accumulated in the hair shaft; then, a small fraction
of MeHg is demethylated to inorganic Hg (Berglund et al., 2005). Hair has the
advantage of being able to reflect the MeHg exposure over the growth period of the
hair segment. The length of the hair from the scalp determines the period of MeHg
exposure; the proximal end is associated with recent exposure. Hair Hg has been
used to reflect Hg levels throughout the pregnancy in some studies on prenatal MeHg
exposure (Clarkson & Magos, 2006).

Profile of prenatal MeHg exposure
MeHg poisoning cases
The outbreak of the Minamata disease in Japan in 1956 was one of the first high-level
MeHg poisonings that were documented (Kurland et al., 1962; Harada, 1995). An
acetaldehyde factory dumped Hg and MeHg into the Minamata Bay, and residents
in the area were poisoned by the consumption of fish and shellfish containing high
concentrations of MeHg (Harada, 1995). Another large-scale MeHg poisoning catastrophe happened in rural Iraq in the early 1970s. Hundreds of MeHg poisonings were
confirmed to be caused by accidental consumption of homemade bread mistakenly
made from seed grain of wheat treated with MeHg fungicide (Bakir et al., 1973).
In both tragedies, the offspring were severely affected due to the high levels of
prenatal MeHg exposure, and the prenatal period was found to be the period in the
life cycle most sensitive to MeHg (reviewed in Clarkson & Magos (2006)). Children
from the Japan MeHg poisoning were born with severe cerebral palsy-like symptoms
(including mental retardation, dysarthria, cerebellar ataxia, deformity of the limbs,
primitive reflexes, hypersalivation, disturbance in physical development and nutrition,
and even death), while their mothers showed mild or no symptoms of MeHg poisoning
(Harada, 1995). For the Iraq outbreak, a clinical study was conducted on the brains
from two full-term infants who were exposed to MeHg in utero and had died shortly
4

after birth (B. H. Choi et al., 1978). The researchers found that the cytoarchitecture
of the autopsied brain tissue was extensively disrupted (B. H. Choi et al., 1978).
Moreover, a study reported that the prevalence of delayed walking (defined as not
walking until after 18 months of age) in the offspring from the Iraq outbreak increased
as the maternal hair Hg levels during pregnancy rose (Cox et al., 1989). This study
also reported that the threshold level of maternal hair Hg for delayed walking was
as low as 10 ppm, while the threshold level for paresthesia in adults was 100 ppm,
indicating the greater sensitivity of the fetus (Cox et al., 1989).

Studies on Prenatal MeHg exposure through maternal seafood
consumption
Apart from MeHg poisoning cases, for the general population, the main route of
chronic, low-dose prenatal MeHg exposure is consumption of fish (National Research
Council, 2000; Smith & Sahyoun, 2005). The dominant form of Hg in fish/shellfish
is MeHg, accounting for greater than 90% of the THg (National Research Council,
2000). MeHg is bound to the proteins of fish/shellfish muscle tissues, which are not
removed by any cooking procedures (Mergler et al., 2007).
There are three significant long-term cohort studies on prenatal MeHg exposure
through seafood consumption and infant or child development (New Zealand, Faroe
Islands, and Seychelles Islands):
New Zealand Study A birth cohort study examining the relationship between prenatal MeHg exposure through maternal consumption of fish and child neurodevelopment was conducted in New Zealand (Kjellstroem et al., 1986; Kjellström et al., 1989;
Crump et al., 1998). During 1977 and 1978, maternal scalp hair samples and a diet
questionnaire were collected from 10,970 pregnant women in hospitals on the New
Zealand (Crump et al., 1998). The participants in the New Zealand study consumed
marine fish frequently and the fish species included shark containing high levels of
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MeHg (the maximum: 4 ppm) (Clarkson & Magos, 2006). Researchers evaluated
the relationships between maternal hair Hg concentrations during pregnancy and
neurodevelopmental outcomes at age 4 years (Kjellstroem et al., 1986) and at age 6
years (Kjellström et al., 1989), respectively. These studies found that the neurodevelopment in children whose mothers were with high hair Hg concentrations (> 6 ppm)
was delayed: at age 4, visual perception, language, memory, and motor function were
evaluated using the Denver Developmental Screening Test (Kjellstroem et al., 1986);
at age 6, a group of 26 psychological and scholastic tests were carried out, covering
academic attainment, language development, fine and gross motor coordination, and
intelligence (Kjellström et al., 1989; Crump et al., 1998). Researchers found that
maternal hair levels were significantly associated with poorer scores on IQ, language
development, and gross motor skills on children at age 6 years (Kjellström et al.,
1989).
Faroe Islands Study A birth cohort study carried out in the Faroe Islands examined the associations between prenatal MeHg exposure (primarily due to the maternal
consumption of whale meat and blubber) and infant/child neurodevelopment (Grandjean et al., 1992, 1997). During 1986-1987 (21 months), a total of 1,022 newborns were
recruited; cord blood samples, maternal scalp hair samples, and nutrition habits (including the consumption frequency of fish or pilot whale) were obtained (Grandjean
et al., 1992). The median cord blood Hg was 24.2 µg/L and the median maternal hair
Hg during pregnancy was 4.48 µg/g (Grandjean et al., 1992). In 1993, when children
were 7 years old, Grandjean et al. (1992) conducted a comprehensive neurobehavioral
examination on 917 children of this birth cohort. The authors then found that cord
blood Hg concentrations were negatively and significantly associated with test scores
of three major cognitive functions: language, attention, and memory (Grandjean et
al., 1992). During 2000-2001, 878 children (at 14 years of age) of the Faroe Islands
cohort were evaluated for neurobehavioral development, and most of the neuropsy-

6

chological tests used in this study were similar to the tests applied in the previous
study on children at age 7 (Debes et al., 2006). The results indicated that higher cord
blood Hg levels were significantly associated with lower scores in neurodevelopmental
tests (Debes et al., 2006). Moreover, the authors compared the findings at age 7 and
at age 14 and reported that Hg-related dysfunctions were similar between these two
studies (Debes et al., 2006).
Seychelles Islands Study The Seychelles Child Development study was aimed to
investigate the developmental influences of prenatal MeHg exposure in the Seychellois,
who consumed a wide variety of marine fish/shellfish on a daily basis (Davidson et al.,
2006). During 1989 and 1990, a total of 779 infant-mother pairs were recruited in this
study; the mean Hg levels in maternal hair during pregnancy was 6.1 µg/g (Marsh
et al., 1994). Since enrollment, researchers have evaluated the relationships between
maternal hair Hg levels and neurodevelopmental endpoints when the children were
6.5 months to 10.7 years old (Davidson et al., 1998, 2006, 2008; Myers et al., 2003).
However, findings have so far offered no convincing evidence of impairment on fetal
neurodevelopment due to maternal MeHg exposure during pregnancy through the
consumption of marine fish (Davidson et al., 2006, 2008).
In these three epidemiologic studies (New Zealand, Faroe Islands, and Seychelles
Islands), the mean Hg levels in maternal hair during pregnancy were similar (4-6
µg/g). However, the adverse neurodevelopmental effects on infants/children were
observed in studies from New Zealand and the Faroe Islands, but not in the motherchild cohort from Seychelles. These inconsistencies may be due to the benefit of
fish/shellfish consumption. Although fish/shellfish consumption is the main MeHg
exposure pathway, fish and shellfish are significant sources of beneficial nutrients for
fetal development, such as long chain polyunsaturated fatty acids (LCPUFAs), iodine,
selenium, and Vitamin D (National Research Council, 2000). N-3 polyunsaturated
fatty acids (n-3 PUFAs) includes docosahexaenoic acid (DHA), eicosapentaenoic acid

7

(EPA), and arachidonic acid (AA) (Siriwardhana et al., 2012), which are beneficial to fetal neurodevelopment (Birch et al., 2007). For example, in a U.S. infant
cohort (n=135), the results of linear regression models showed that maternal fish
consumption frequency during pregnancy was positively related with the score of visual recognition memory testing at 6 months of age after adjusting for participant
characteristics and maternal hair Hg levels (Oken et al., 2005). Insufficient intake
of n-3 PUFAs during pregnancy was found to be associated with impaired fetal development, such as intrauterine growth retardation and delayed neurodevelopment
(Hibbeln et al., 2007).
Similar findings were also reported by other studies. For example, in a cohort
of 7,421 British children, no adverse relationships were observed between cord blood
THg and child’s cognitive development at age 15 months (the MacArthur Communicative Development Inventory test) and at age 18 months (the Denver Developmental
Screening Test) in adjusted models (including fish consumption); and maternal fish
consumption during pregnancy was found to be positively associated with test scores
(Daniels et al., 2004). Likewise, a Spanish study (n=1683) found that cord blood
THg was not associated with the mental and psychomotor development which were
evaluated at age 14 months using the Bayley Scales of Infant Development (Llop et
al., 2012) in adjusted models (including fish consumption). However, a study conducted in the U.S. (n=604) found positive associations between maternal hair Hg
levels and attention-deficit/hyperactivity disorder at age 8 years in both unadjusted
and adjusted models (including fish consumption) (Sagiv et al., 2012).
Thus, the fetal developmental influences of chronic, low-level prenatal exposure
to MeHg through maternal consumption of fish/shellfish during pregnancy is quite
complex (Rice, 2004; Cohen et al., 2005). Potential adverse effects of prenatal MeHg
exposure on fetal development due to maternal consumption of fish/shellfish might be
alleviated by the contribution of micronutrients in fish/shellfish tissue. The balance
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between nutritional benefits and risks of maternal consumption of fish/shellfish during
pregnancy has been a challenge for government agencies and experts (World Health
Organization, 1990; National Research Council, 2000; U.S. Environmental Protection
Agency, 2014).

Rice and MeHg exposure
Recent evidence has indicated that rice is potentially a significant source of dietary
MeHg exposure (P. Li et al., 2010; Rothenberg et al., 2014). A review about the
rice MeHg and exposure (Rothenberg et al., 2014) stated that rice cultivation, from
planting to harvest, helps make flooded rice paddies to be Hg2+ -methylation sites.
In rice paddies, rice is cultivated under standing water (from irrigation or rain),
serving anoxic conditions for Hg2+ -methylation (Rothenberg et al., 2014). MeHg can
be produced in sediments in an anaerobic microbial process driven by the sulfatereducing bacteria, which convert less toxic inorganic (Hg2+ ) into its more toxic organic
form, MeHg (Rothenberg et al., 2014). Then, MeHg is likely translocated from the
rice paddies sediment to rice grain (Rothenberg et al., 2014).
However, compared to fish/shellfish, rice does not contain the same beneficial
micronutrients that fish/shellfish has, such as n-3 PUFAs (Rothenberg et al., 2011).
Prenatal MeHg exposure through maternal rice consumption may potentially increase
adverse health effects on the developing fetus (Rothenberg et al., 2011).

1.3

Knowledge gaps

Given that rice is a staple food for nearly half of the world’s seven billion people
(Mohanty, 2013), rice consumption may be an important dietary source of MeHg,
with widespread impact. However, most of the current pregnant cohort studies on
dietary MeHg exposure focused on the fish/shellfish consumption. To the best of our
knowledge, all current pregnant cohort studies about MeHg exposure through rice
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ingestion were conducted in Hg mining areas where Hg concentrations in rice were
relatively high (Morishita et al., 1982; Rothenberg et al., 2013).

1.4

Research aims

The main objectives of this research were to determine the magnitude of in utero
exposure to MeHg and to investigate the possible health influences of prenatal MeHg
exposure on neonatal anthropometrics in a cohort of pregnant women who consumed
rice as a staple food. This study was conducted through the implementation of a
birth cohort study at the Maternal and Children Hospital in Daxin County, Guangxi
Province, China. Maternal Hg biomarkers and information for the mothers and newborns were collected from 2013 through 2014.
In Chapter 2, we evaluate the prenatal MeHg exposure through rice and fish
/ shellfish ingestion and investigate the possible demographic indicators of dietary
MeHg intake. Chapter 3 presents the results of the associations between Hg concentrations in maternal hair and blood and neonatal outcomes, including birth weight,
birth length, head circumference, and ponderal index.
The results of this research provide information on the magnitude of MeHg exposure among pregnant women in a rural inland area of China, where rice is the staple
food and a significant source of MeHg exposure. Meanwhile, the findings of relationships between prenatal MeHg and neonatal outcomes are useful in understanding
the potential influences on developing fetuses due to MeHg exposure through rice
ingestion in rice-eating populations.
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Chapter 2
Maternal Methylmercury Exposure through
Rice Ingestion during Pregnancy
2.1

Introduction

Methylmercury (MeHg) is one of the most toxic forms of mercury (Hg); it has been
implicated as a neurotoxin in biologic organisms (Clarkson & Magos, 2006). Human
MeHg exposure has been a public health problem for many decades (World Health
Organization, 1990). For the general population, the primary pathway of MeHg
exposure is dietary exposure via consuming fish/shellfish or sea mammals (Mergler
et al., 2007). MeHg can cross the placenta and pass through the blood-brain barrier;
the developing fetus is considered to be more vulnerable to the adverse effects of
MeHg exposure than adults (National Research Council, 2000).
Recently, rice consumption has received attention as a potential MeHg exposure
pathway. Rice is grown in rice paddy fields (stagnant water), which are favorable sites
for the methylation of Hg: inorganic Hg (Hg2+ ) is converted to MeHg by anaerobic
microbes (Rothenberg et al., 2014). Then MeHg is likely translocated from rice paddy
soil to rice grain (Rothenberg et al., 2014). Additionally, rice is widely cultivated
around the world and is a staple food for more than half of the world’s population
(Mohanty, 2013). In some areas where rice is a staple food and Hg contamination
is elevated, rice consumption has been reported as being an important human MeHg
exposure pathway (Feng et al., 2008; P. Liang et al., 2015).
Some epidemiological studies have reported data for rice ingestion or rice Hg
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intake, rice total Hg (THg) or MeHg concentrations, and human Hg exposure, measured in hair, blood, or urine (Table 2.1). A few of the studies summarized in Table
2.1 observed positive correlations between Hg biomarkers and rice consumption, rice
MeHg intake, or rice MeHg concentrations. For example, four studies conducted in a
Hg mining area of Guizhou Province, China all found similar results. First, Feng et
al. (2008) reported that the rice MeHg intake positively correlated with hair MeHg
levels (r=0.65, p<0.01, n=98) and indicated that the rice MeHg intake contributed
> 90% of the total dietary MeHg intake (food sources: rice, meat, vegetables, and
drinking water) in the study populations. Second, P. Li et al. (2011) reported that
the rice MeHg intake positively correlated with hair MeHg levels (r=0.73, p<0.001,
n=43). Third, P. Li, Feng, et al. (2015) observed significantly positive correlations
between the rice MeHg intake and MeHg concentrations in hair or blood (r2 =0.740.83, p<0.001, n=168). Lastly, Rothenberg et al. (2013) reported that rice MeHg
concentrations were positively correlated with maternal hair THg and MeHg and
blood THg in a cohort of pregnant women (r2 =0.31-0.66, n=17). Moreover, a U.S.
study [National Health and Nutrition Examination Survey, (NHANES)] found that
rice consumption was positively correlated with blood THg in both children and
adults in unadjusted analyses (n=16236), and observed that an increase of 10 g/day
of rice consumption was associated with a 4.8% increase in blood THg concentration
in adjusted models for adults (n=10373) (Davis et al., 2014). However, a Korean
study (n=3404) reported that the blood Hg levels were not associated with rice consumption in the logistic models adjusted for sex, age, residence area, education, body
mass index (BMI) and smoking and drinking status (Park & Lee, 2013).
Rice does not contain the same beneficial nutrients as fish/shellfish, such as n3 polyunsaturated fatty acids (Rothenberg et al., 2011). Maternal MeHg exposure
mainly through rice ingestion may increase adverse effects in the developing fetus
without the nutritional benefits from the consumption of fish/shellfish. Yet, to our
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knowledge, only two studies (Maramba et al., 2006; Rothenberg et al., 2013) reporting
rice Hg concentrations or rice ingestion and Hg biomarker levels were conducted in
pregnant cohorts. Both of them were conducted in Hg contaminated regions and had
a small sample size (n=35, Maramba et al. (2006); n=17, Rothenberg et al. (2013)).
China is the largest rice producer in the world, accounting for 27.6% of the world’s
rice production (Food and Agriculture Organization of the United Nations, 2016).
Just like a Chinese proverb says, “A meal without rice just isn’t a meal”. In most
regions of Asian countries, rice is so central to the culture that the word “rice” is
almost synonymous with food. However, there are very few studies about human
MeHg exposure through rice ingestion among pregnant women. Thus this study was
pursued to investigate the magnitude of MeHg exposure among pregnant women in
an inland area of China where rice is a staple food, and to determine the importance
of rice and fish/shellfish as sources of dietary MeHg intake.

2.2

Methods

Study site and recruitment
This study was conducted in Daxin County, Guangxi Zhuang Autonomous Region,
China (Figure 2.1). Daxin is situated in the inland of southern China, near the
China-Vietnam border, where the total land area is 2,742 km2 and the population
was 359,800, including ∼50,000 (14%) living in the town of Daxin. Daxin is an
agriculture-oriented county; the main crops are rice, corn, sugarcane, and soybean
(Guangxi Daxin County Government, 2016). There were no significant sources of Hg
nearby, such as coal-fired power plants.
Between May 2013 and March 2014, pregnant women were recruited at parturition
at the Maternal and Child Health Hospital in Daxin County. Eligibility criteria were
that the participants were in good health generally, had resided in Daxin County
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during the three previous months, planned to remain living in Daxin for the next
year, and were currently not under treatment for a chronic disease.
This study was approved by the Institutional Review Boards at the University of
South Carolina (USA) and Xin Hua Hospital (China). The mothers also provided
written informed consent before the enrollment.

Samples collection
Upon enrollment, trained nurses collected a maternal hair sample from the occipital
region using stainless scissors. The proximal end was tied with dental floss, and
the hair samples were individually stored in plastic bags at room temperature. A
maternal blood sample was collected by venipuncture (6 ml) into two vials, including
one with lithium heparin anticoagulant, and the second vial for separation of serum
by centrifugation (3600 rpm, 10 min) (X.-D. Yu et al., 2011). Whole blood and an
aliquot of serum were stored frozen at -26◦ C for up to 10 months, then stored at
-80◦ C until analysis. A family member brought a ∼100 g rice sample from home
(all participants donated rice samples), which was stored frozen at -26◦ C, and then
archived at -80◦ C until analysis.
In May 2014, 13 freshwater tissue samples (including seven species commonly
consumed by residents: common carp = 2, tilapia = 2, silver carp = 2, catfish =
2, grass carp = 2, bighead carp = 2, and mud carp = 1) were collected from two
local markets in Daxin. Fresh freshwater fish tissue was individually stored in plastic
bags and immediately stored frozen at - 26◦ C, then samples were transported frozen
to Lumex’s lab in Beijing using Credo Cube (Pelican BioThermal, Plymouth, MN
USA), which can keep samples frozen at - 26◦ C for three days.
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Data collection
While in the hospital, mothers filled out a questionnaire that included information
such as maternal age at parturition (years), maternal height and weight before pregnancy, maternal ethnicity, maternal education, maternal occupation, monthly household income, smoking during pregnancy, secondhand smoke during pregnancy, and
alcohol consumption during pregnancy.
Additionally, mothers filled out a modified semi-quantitative food frequency questionnaire (FFQ) about their food consumption during the third trimester. This valid
FFQ has been used for a study of dietary intake among pregnant women living in a
rural area of western China (Cheng et al., 2009). The FFQ involved 102 items, including rice, fish/shellfish, and other foods. Mothers were asked to choose from eight
options ranging from “never or rarely” to “twice/day”, and these frequencies were
converted to servings/day as follows: 0 = never or rarely, 1/30.5 = monthly, 2.5/30.5
= two to three times/month, 1/7 = once/week, 2.5/7 = two to three times/week,
5/7 = four to six times/week, 1= once/day, and 2.5 = at least twice/day. For rice
consumption, mothers were also asked to select portion size (g/serving) from one of
three bowls using a picture and/or actual bowls (85 g/bowl, 135 g/bowl, 260 g/bowl).
The daily rice ingestion rate (g/day) was calculated by multiplying the consumption
frequency (servings/day) × the portion size (g/serving).
For fish/shellfish consumption, mothers reported the consumption frequency for
seven categories of fish/shellfish (including freshwater fish, marine fish, eel, shrimp,
crab, snails, and other shellfish) using the same eight options (from “never to rarely”
to “twice/day”), then these frequencies were converted to servings per day as described above for rice consumption. To calculate fish/shellfish ingestion rate (g/day),
we assumed 170 g/serving for marine fish and freshwater fish (170 g = 6 ounces,
the recommended serving size from the (U.S. Food and Drug Administration, 2011),
and 100 g/serving for other categories (eel, shrimp, crab, snails, and other shellfish)
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(Cheng et al., 2009).

Dietary MeHg intake assessment
Dietary MeHg intake through rice or fish/shellfish consumption (µg/day) was quantified by multiplying the ingestion rate (g/day) × the average concentrations of rice
MeHg (µg/g) or fish/shellfish THg (µg/g). Rice MeHg concentration was measured
in each participant’s donated rice sample. In this study, we measured rice MeHg
(not THg) due to the rice MeHg% (of THg) ranging from 17% to 75% (Rothenberg
et al., 2014), while fish MeHg% (of THg) was greater than 90% (National Research
Council, 2000). For the THg concentrations of fish/shellfish, freshwater fish THg
concentrations were measured in freshwater fish tissue samples collected from Daxin
markets, while THg concentrations of other fish/shellfish varieties (including marine
fish, eel, shrimp, crab, snails, and other shellfish) were obtained from a comprehensive
literature search.
The literature search was conducted using the Thomas Reuters (ISI) Web of Science and the phrase “mercury and China”, which was combined with “seafood”,
“fish”, “eel”, “shrimp”, “crab”, “mollusk”, “shellfish”, “snail”, “scallop”, “oyster”,
“lobster”, “spiral shell”, or “bivalve”, resulting in 209 studies. Studies were included
if they were conducted in non-contaminated sites in China, THg (or MeHg) concentrations were reported in wet weight, and most or all fish/shellfish samples were
collected after 1 January 2011. For “eel”, just one study for China was published in
2006 and was included. Therefore, a total of 12 studies were finally included (Table
2.2 and Figure 2.2). Summary statistics [mean, standard deviation (SD), median, and
range] were calculated for each fish/shellfish variety if possible. For studies reporting
the sample size, mean, SD and median were calculated using the sample size as the
analytical weight.
Total dietary MeHg intake through rice and fish/shellfish consumption (µg/day)
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was equivalent to the daily rice MeHg intake + the daily fish/shellfish MeHg intake. Proportional contributions from rice or fish/shellfish consumption were also
determined.

Laboratory analyses
Labware preparation for Hg analyses
Prior to Hg analyses, all lab wares were acid-washed for > 24 hours using 1.2 N
hydrochloric acid, then triple-rinsed with deionized-water (DDI-H2O) (resistivity:
> 18.0 MΩ/cm, Barnstead water system, Thermo Scientific, US), and dried in a
biosafety Hood (Baker Company, Sanford, USA) to prevent further Hg contamination,
then double-bagged for later use.
Maternal hair THg and MeHg and blood THg analyses
Hair samples corresponding to the third trimester (34 mm) were analyzed, assuming
a growth rate of 0.41 mm/day for Asian women (Loussouarn et al., 2005), and 83 days
for the third trimester, reflecting a 10-day lag between Hg ingestion and incorporation of MeHg into the hair shaft (Cernichiari et al., 1994). Prior to the hair THg and
MeHg measurement, two hair washing methods were compared, including 1% (v/v)
Formula 409TM and 0.1% (v/v) 2-mercaptoethanol. Formula 409TM is considered to
be more effective than acetone (the International Atomic Energy Agency hair washing
method) (Rothenberg et al., 2013), while 2-mercaptoethanol can remove high concentrations of inorganic Hg from hair (P. Li et al., 2011), as well as plant material (North
& Nobel, 2000). Six random hair samples were weighted into 12 acid-washed 120 mL
porcelain dishes, 25 mL of 1% (v/v) Formula 409TM or 0.1% (v/v) 2-mercaptoethanol
were each added into six dishes, respectively. Samples were gently shaken for 1 hour,
60-70 rpm (HS 501 Digital Orbital And Reciprocal Shakers, IKA Works, Inc., USA),
then triple-rinsed with DDI-H2O, and air-dried in a biosafety Hood (Baker Company,
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Sanford, USA). The comparisons showed that 2-mercaptoethanol removed on average
19% more exogenous Hg than Formula 409TM did (Table 2.3). Therefore, 0.1% (v/v)
2-mercaptoethanol was used for all hair samples. After the hair washing, hair samples were individually bagged and stored until analysis. Blood samples were analyzed
directly, and no preparatory steps were needed.
THg concentrations for maternal hair and blood were measured by thermal decomposition, amalgamation and atomic absorption spectrophotometry following EPA
Method 7473 (U.S. Environmental Protection Agency, 2007) using a Lumex for hair
(Model RA-915+/PYRO-915+, St. Petersburg, Russia), and a DMA-80 for blood
(Milestone, Inc., Shelton, CT, USA).
For hair MeHg analysis, washed hair samples were weighted into 50 mL Teflon
tubes (Savillex, MN, USA) and 5 mL of 25% (w/v) sodium hydroxide-DDI H2O were
added, and samples were digested for 3 hours at 75◦ C in an oven. Just before the
measurement, boiling DDI-H2O was added to a total volume of 50 mL (personal
communication, Lian Liang, CEBAM Analytical, Inc., Seattle, WA, US). Digests
were analyzed following EPA Method 1630 (U.S. Environmental Protection Agency,
2001a), including ethylation with sodium tetraethylborate, purge and trap onto Tenax
traps, and quantification using gas chromatography-cold vapor atomic fluorescence
spectrometry (GC-CVAFS, Brooks Rand Model III, Seattle, WA, USA).

Rice MeHg analysis
Rice samples were grounded into a powder using a coffee grinder (Cool Grind Coffee
Grinder, Model # 501, Capresso), which was cleaned with ethanol after each sample
to prevent carry-over of Hg. Rice MeHg was extracted following L. Liang et al.
(1996). ∼ 0.5 g rice was weighted into 50 ml Falcon tubes (Fisher Scientific, PA,
USA), then 2 mL of 25% (w/v) potassium hydroxide - methanol were added for
digestion, heating for 3 hours at 75◦ C. After cooling down to room temperature,
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6 mL of dichloromethane and 1.5 mL hydrochloric acid were added, then samples
were shaken for 30 min, centrifuged (4000 rpm, 20◦ C) for 30 min, and the phases
were separated, the phase of extracts were collected into 50ml Falcon tubes (Fisher
Scientific, PA, USA). DDI-H2O was added, and samples were heated for 1.5 hours
in a water bath at 60-75◦ C to expel dichloromethane. Extracts were measured using
the EPA Method 1630 as described above for MeHg (U.S. Environmental Protection
Agency, 2001a).

Freshwater fish THg analyses
Freshwater fish THg were measured directly following the EPA Method 7473 (U.S. Environmental Protection Agency, 2007) and using a Lumex (Model RA-915+/PYRO915+, St. Petersburg, Russia) as described above for the hair THg. The THg concentrations of freshwater fish were reported as wet weight.

Quality assurance/quality control (QA/QC) for Hg analyses
QA/QC for Hg analyses were summarized in Table 2.4. For hair, rice and fish tissue,
the average recovery of standard reference material ranged from 78% to 96%, matrix
spikes averaged 96-98%, and the average relative percent difference between samples
replicates ranged from 4.2% to 8.4%. For blood THg, recovery of standard reference
material ranged from 85% to 110%, and the relative percent difference between sample
replicates was < 20%. The limits of detection were instrument-specific and matrixspecific, including hair THg (0.0095 µg/g), hair MeHg (0.0001 µg/g), blood THg
(0.14 µg/L), fish THg (0.001 µg/g), and rice MeHg (0.002 ng/g). All observations
were above the limits of detection.
Rice and hair THg and/or MeHg analyses were completed at the University of
South Carolina, USA, fish tissue THg was analyzed at Beijing Lumex Analytical
Co. Ltd., China, and blood THg was analyzed at the Shanghai State Key Lab for
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Children’s Environmental Health, China.

Statistics
Data were assessed using univariate and bivariate analyses. Correlations were determined using Spearman’s correlation (for non-symmetrical variables) or Pearson’s
correlation (for symmetrical variables). For Pearson’s correlation, a log10 transformation was applied to variables with a right-skewed distribution. Prior to the log10 transformation, a value of 0.01 was added to all observations for fish/shellfish MeHg
intake (µg/day), because more than 40% of the mothers reported that they rarely or
never ingested fish/shellfish.
For the rice consumption responses, 5.5% of mothers did not choose a frequency
(servings/day) or quantity (g/serving). Missing observations were imputed based on
the multivariate normal distribution (Schafer, 1997), conditional on biomarker concentrations and maternal, paternal and offspring characteristics. For the fish/shellfish
consumption responses, 4.3% of the participants did not choose a frequency for one
or more fish/shellfish categories, and a value of 0 was imputed for these observations,
which was appropriate for this inland region in rural China. We assumed participants skipped some categories for fish/shellfish because these varieties were often
unavailable in Daxin.
We defined an alpha-level < 0.05 as a guide for significance. Analyses were performed using SAS 9.4 software (SAS Institute Inc., Cary, NC, USA) or the R-platform.

2.3

Results

Characteristics of the participants
During the recruitment period, 1261 women visited the Maternal and Child Health
Hospital of Daxin County. Among these women, 408 (32%) were eligible for the
study and provided informed consent, while 853 were ineligible due to infectious
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disease (e.g., Hepatitis B) (n=228), residence outside Daxin (n=574), or refused to
participate (n=51). Ten mothers were subsequently excluded because they did not
give birth in the hospital (n=1), gave birth to twins (n=1), did not live in Daxin
during the previous three months (n=3), or did not complete the data collection
(n=5). Finally, 398 pregnant women were recruited.
The average maternal age at parturition was 28 ± 5.7 years. For the pre-pregnancy
BMI, 59% of the mothers had normal BMI (BMI < 18.5 kg/m2 ), 24% were classified as underweight (18.5 kg/m2 ≤ BMI < 23 kg/m2 ), and 17.3% were classified as
overweight (23 kg/m2 ≤ BMI < 27.5 kg/m2 ) or obese (BMI ≥ 27.5 kg/m2 ) (World
Health Organization, 2004). A majority of mothers were ethnic minorities (including
85% Zhuang and 2% other ethnic groups), and 13% were Han (the largest ethnic
group in China). Additionally, 93% of the participants had an education level of
high school or below, and only 5% had a university degree. 76% of these mothers
were farmers, while 8.0% were workers (including civil servants, white-collar workers,
skilled/unskilled workers, or shopkeepers), 11% were unemployed, and 3.3% selected
“other” for occupations. 59% of the participating families had a monthly household
income below 2000 renminbi (RMB), and 5.0% had a household income above 5000
RMB. Among mothers in our cohort, 54% were exposed to secondhand smoke, while
very few mothers smoked during pregnancy (1.3%), suggesting higher smoking among
males compared to females. Differences in smoking observed in this cohort are similar
to other Chinese populations (e.g. 56.75% male vs. 6.7% female in 27 cities, Yang
et al. (2015)). Lastly, just 1.0% of the mothers reported consuming alcohol during
pregnancy. Distributions of these maternal characteristics are shown in Figures 2.3
and 2.4.
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Rice and fish/shellfish Hg concentrations
In the Daxin cohort, the geometric mean rice MeHg levels (2.1 ng/g) was close to
2.5 ng/g (the average rice MeHg concentrations for non-polluted sites reported from
Rothenberg et al. (2014)), and 92% (n=367) of rice MeHg concentrations were less
than 5.8 ng/g (the maximum rice MeHg concentrations for non-polluted sites reported
from Rothenberg et al. (2014)) (Table 2.5 and Figure 2.5).
The THg concentrations for freshwater fish purchased in Daxin markets averaged
31 ± 31 ng/g (n = 13). This THg concentration was 16 times lower than the Chinese
dietary guideline (500 ng/g from U.S. Department of Agriculture (2014)), and ten
times lower than the US EPA human health criterion (300 ng/g from U.S. Environmental Protection Agency (2001b)). Additionally, the average THg concentrations
for fish/shellfish (range: 10 - 56 ng/g) obtained through a literature search were also
up to 30 times lower than the US EPA criterion (U.S. Environmental Protection
Agency, 2001b) (Table 2.5 and Figure 2.5).

Food ingestion and dietary MeHg intake
In the Daxin cohort, 82% of the mothers (n=328) reported consuming rice daily,
and only three mothers reported rarely or never ingesting rice. On average, mothers consumed 1.8 servings/day of rice (median: 2.5 servings/day, range: 0-2.5 servings/day). The estimated rice ingestion rate averaged 231 ± 120 g/day (median: 213
g/day, range: 0-650 g/day), which was similar to the rate of the general Chinese
population (Food and Agriculture Organization of the United Nations, 2016). While
for the fish/shellfish consumption, almost half of the mothers (43%) reported that
they rarely or never consumed fish/shellfish, 180 mothers (45%) reported consuming
fish/shellfish < twice/week, and 45 mothers (11%) reported consuming fish/shellfish
≥ twice/week. The fish/shellfish ingestion frequency averaged 0.13 servings/day (median: 0.03 servings/day, range: 0-2.9 servings/day), which was 14 times lower than
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the rice consumption frequency (1.8 servings/day). Additionally, on average mothers ingested 18 ± 45 g/day of fish/shellfish (median: 5.6 g/day, range: 0-470 g/day),
which was lower than the average rate in China (95 g/day, from Food and Agriculture
Organization of the United Nations, 2016).
The estimated daily MeHg intake through rice and fish/shellfish ingestion was calculated using mothers’ responses recorded in the FFQ and the MeHg concentrations
of rice and THg concentrations of fish/shellfish. On average, mothers ingested 0.63 ±
0.65 µg/day MeHg through rice ingestion (median: 0.44 µg/day, range: 0-5.0 µg/day)
and 0.60 ± 1.6 µg/day MeHg through fish/shellfish ingestion (median: 0.15 µg/day,
range: 0-8 µg/day). The estimated total MeHg intake from rice and fish/shellfish
averaged 1.2 ± 1.8 µg/day (median: 0.77 µg/day, range: 0-20 µg/day), including 71
± 33% from rice consumption (median: 87%, range: 0-100%) and 29 ± 33% from
fish/shellfish consumption (median: 13%, range: 0-100%). Our findings indicated
that maternal rice ingestion was a significant dietary MeHg exposure pathway in this
cohort. Detailed results are summarized in Table 2.6 and Figures 2.6 and 2.7.

Hg biomarkers
THg and/or MeHg concentrations in maternal hair and blood are summarized in
Table 2.6 and Figure 2.8. 12 mothers (3.0%) had hair THg concentrations greater
than 1.1 µg/g, corresponding to the US EPA recommended hair THg level (U.S.
Environmental Protection Agency, 1997). Four pregnant women (1.00%) had blood
THg levels exceeding 5.8 µg/L, which is the level suggested by the National Research Council (2000). Only one mother had Hg biomarker concentrations exceeding
both the National Research Council recommended levels for blood and the US EPA
recommended levels for hair.
Hair THg and MeHg concentrations were highly correlated (Spearman’s rho =
0.92, p < 0.001, n = 398), and both were positively correlated with blood THg concen-
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trations (for both: Spearman’ss rho = 0.69, p < 0.001). After log10 -transformation,
log10 hair THg and log10 MeHg were still strongly correlated (Pearson’s rho=0.92, p
< 0.001, n=398), and both were positively correlated with log10 blood THg (for both,
Pearson’s rho = 0.67-0.69, p < 0.001) (Figure 2.9).

Bivariate analyses
Dietary MeHg intake through rice or fish/shellfish ingestion and Hg biomarkers :
We found weakly positive and significant relationships between all Hg biomarkers
and rice MeHg intake (µg/day) in this cohort (Spearman’s rho=0.17-0.21, p<0.001
for all biomarkers) (Figure 2.10).

Trends were similar after applying the log10 -

transformation (Pearson’s rho=0.20-0.22, p<0.001 for all biomarkers) (Figure 2.10).
When using the rice consumption frequency (servings/day), the trends were still positive, but only significant for hair THg and blood THg (Spearman’s rho: 0.10-0.11, p
< 0.05 for both biomarkers) and non-significant for hair MeHg (Spearman’s rho=0.07,
p=0.18) (Figure 2.11).
In contrast, we observed non-significant correlations between all Hg biomarkers
and the fish/shellfish consumption frequency (servings/day) (Spearman’s rho: 0.030.08, p=0.14-0.54 for all biomarkers) (Figure 2.12), and the fish/shellfish MeHg intake
(µg/day) (Spearman’s rho=0.04-0.08, p=0.11-0.46 for all biomarkers) (Figure 2.13).
Results were similar after applying the log10-transformation (Pearson’s rho=0.030.08, p=0.11-0.55 for all biomarkers) (Figure 2.13).

Dietary MeHg intake through rice or fish/shellfish ingestion and Hg biomarkers :
We found weakly positive and significant relationships between all Hg biomarkers
and rice MeHg intake (µg/day) in this cohort (Spearman’s rho=0.17-0.21, p<0.001
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for all biomarkers) (Figure 2.10). Trends were similar after applying the log10transformation (Pearson’s rho=0.20-0.22, p<0.001 for all biomarkers) (Figure 2.10).
When using the rice consumption frequency (servings/day), the trends were still positive, but only significant for hair THg and blood THg (Spearman’s rho: 0.10-0.11, p
< 0.05 for both biomarkers) and non-significant for hair MeHg (Spearman’s rho=0.07,
p=0.18) (Figure 2.11).
In contrast, we observed non-significant correlations between all Hg biomarkers
and the fish/shellfish consumption frequency (servings/day) (Spearman’s rho: 0.030.08, p=0.14-0.54 for all biomarkers) (Figure 2.12), and the fish/shellfish MeHg intake
(µg/day) (Spearman’s rho=0.04-0.08, p=0.11-0.46 for all biomarkers) (Figure 2.13).
Results were similar after applying the log10 -transformation (Pearson’s rho=0.03-0.08,
p=0.11-0.55 for all biomarkers) (Figure 2.13).

Demographic factors and dietary MeHg intake :
In this study, both fish/shellfish consumption frequency (servings/day) and fish/
shellfish MeHg intake (µg/day) were higher for mothers who possessed a higher education level (high school or university) (for both: Kruskal-Wallis test, p<0.001
for both, Figure 2.14), for mothers who had a higher household income ( ≥ 2000
RMB/month) (for both: Kruskal-Wallis test, p=0.05, Figure 2.15), and for mothers
who were non-farmers (including workers, unemployed, other) (for both: KruskalWallis test, p<0.001, Figure 2.16). However, there were no significant relationships
between these three demographic factors (education, household income, and occupation) and either rice consumption frequency (servings/day) or rice MeHg intake
(µg/day) (for all: Kruskal-Wallis test, p>0.1, Figures 2.14-2.16).

Comparison with other pregnant cohorts with low-level Hg exposure :
THg concentrations in maternal hair and blood were compared with other pregnant
cohorts around the world. The maternal hair THg and blood THg in this study
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were similar to the values for pregnant women with low-level Hg exposure (defined as
maternal hair Hg levels < 4 µg/g and maternal blood Hg < 12 µg/L from Karagas
et al. (2012) mainly through fish/shellfish consumption) (summarized in Table 2.7
and Figure 2.17). These previous studies were conducted in ten countries, including
the U.S. (Stern et al., 2001; Oken et al., 2005; Xue et al., 2007; Orenstein et al.,
2014), U.K. (Golding et al., 2013), Mexico (Basu et al., 2014), Sweden (Björnberg
et al., 2003), Norway (Brantsæter et al., 2010), South Africa (Channa et al., 2013),
France (Drouillet-Pinard et al., 2010), Spain (García-Esquinas et al., 2013), Slovenia
(Miklavčič et al., 2011), and Turkey (Unuvar et al., 2007); the hair THg ranged from
0.23 to 0.60 µg/g, and the blood THg ranged from 0.38 to 3.9 µg/L. In comparison
with the estimated daily rice or fish/seafood consumption (g/day), we found that
the fish/shellfish consumption from other studies was up to 5.3 times higher, while
mothers in this study ingested up to 21 times more rice (Table 2.7). Despite differences
in dietary MeHg intake (rice versus fish/shellfish), hair THg and blood THg reported
for this study were comparable to those cohorts of pregnant women with low-level
MeHg exposure.

2.4

Discussion

In this population, on average, 71% (median: 87%) of the total MeHg intake was
through rice consumption and 29% (median: 13%) was through fish/shellfish consumption. Positive correlations were observed between all three Hg biomarkers and
rice consumption frequency (servings/day) and rice MeHg intake (µg/day), while
the correlations between all Hg biomarkers and fish/shellfish consumption frequency
(servings/day) and fish/shellfish MeHg intake (µg/day) were non-significant.
Our results indicated that a few maternal factors (including household income,
education, and occupation) were associated with the fish/shellfish consumption frequency (servings/day) and fish/shellfish MeHg intake (µg/day). Both higher house-
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hold income and higher education levels were associated with higher fish/shellfish consumption frequency (servings/day) and fish/shellfish MeHg intake (µg/day). Also,
both the fish/shellfish consumption frequency (servings/day) and the fish/shellfish
MeHg intake (µg/day) of mothers who were non-farmers (including workers, unemployed, other) were higher than those who were farmers. Our findings regarding the
household income could be explained by the fact that the price of fish/shellfish in the
Chinese market is relatively high compared to the price of rice, flour, eggs, vegetables
or fruits, and similar to that of pork, chicken, or duck (National Bureau of Statistics of
China, 2016). Higher household income was potentially related with higher levels of
fish/shellfish consumption. Also, mothers who had a higher education level were more
likely to be informed of some dietary knowledge, such as the nutritional and health
advantages of fish/shellfish consumption (Knobeloch et al., 2005; Wang et al., 2009;
Zhou et al., 2015); therefore, higher education levels may be associated with higher
fish/shellfish consumption. Similar results have been reported by several studies. For
example, three studies in the U.S. have reported that income and education were risk
factors of MeHg intake through fish/shellfish consumption. A study conducted in
the San Francisco Bay area collected the number of years that participants had been
choosing large predatory fish for regular consumption, which suggested that people
changed their fish/shellfish consumption pattern usually after graduating from college
or achieving a higher income (Hightower & Moore, 2003). Knobeloch et al. (2005) reported that the fish/shellfish consumption of women of childbearing age (n=3015 from
12 states) was positively correlated with their education (p=0.0003) and household
income (p<0.0001). Mahaffey et al. (2009) reported positive relationships between
income and 30-day frequency of fish/shellfish consumption (p<0.0001), 30-day Hg
intake (p=0.008) among adult women (NHANES 1999-2004). Additionally, a study
about the fish consumption in China (China Health and Nutrition Survey 2000-2006)
reported that, for general households (excluding household fishing), an increase in
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income or education level was associated with an increase in fish consumption (Zhou
et al., 2015). Also, a survey of consumers in Beijing (n=320) indicated that the education level and price were the two main determinants associated with the willingness
to pay for fish products (Wang et al., 2009).
For mothers who were farmers, the relatively low levels of fish/shellfish consumption could be explained by the low household income, the low education level, and
the limited access to fish/shellfish. Since mothers who were farmers in this cohort
most likely possessed a lower education level (p<0.001, Fisher’s exact test) or a
lower household income (p=0.08, Fisher’s exact test), these mothers rarely consumed
fish/shellfish possibly due to the lack of nutritional awareness or low income. Additionally, mothers who were farmers lived in villages that were far away from the
town of Daxin, which makes it inconvenient to purchase diverse food (including
fish/shellfish) from local markets or groceries. Thus, the market access, the household
income, and the education level were possible factors associated with the fish/shellfish
consumption in farmers. The food environment of farmers is potentially similar to a
“food desert”, which is a term used to describe low-income communities with limited
access to healthy food within a one-mile radius of their residence in western countries
(Centers for Disease Control and Prevention, 2016). In recent years, the relationships
between the spatial disparity of food access and socio-economic status have received
considerable attention in western countries (Moore & Diez Roux, 2006; Glanz et al.,
2007; Powell et al., 2007). However, fewer studies in China focused on the issue of geographic access to nutritious or diverse food and investigated the possible association
between food selection and socio-economic status due to geographic isolation.

2.5

Conclusions

In summary, our findings confirm the presence of low-level prenatal MeHg exposure
in the Daxin cohort, and indicate the magnitude of prenatal MeHg in this cohort was
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comparable to other pregnant cohorts worldwide with low-level Hg exposure mainly
through fish/shellfish consumption. Also, the rice consumption was the main dietary
MeHg exposure pathway, not fish/shellfish consumption.
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Table 2.1: Summary of epidemiologic studies reporting rice ingestion or rice mercury intake, rice mercury concentrations, and
mercury biomarkers concentrations (n=17).
Country

Region

Participants Sample
size
Children /
166
adults

Rice
Hg
(ng/g, n)
THg (mean:
9,
n=6)
MeHg
(mean:
4,
n=6)

China

Zhoushan
Island

China

Rice consumption
or rice Hg ingestion
Grain consumption
(rice
and
corn)
(mean range: 175312
g/day);Grain
THg intake (mean
range: 0.016 - 0.033
µg/kg/day);Grain
MeHg intake (mean
range: 0.014 - 0.029
µg/kg/day);
Rice MeHg intake
(mean range: 0.04 0.12 µg/kg/day)

Hg biomarker

Note

Reference

Hair THg (mean range:
2.2 - 5.7 µg/g); Hair
MeHg (mean range:
1.7 - 3.8 µg/g)

Cheng et al.
(2009)

THg (mean:
30.6, n=15)

Rice THg intake
(mean range: 0.205
- 0.383 µg/kg/day)

Hair THg (mean: 3.73
µg/g)

THg (mean:
26.8, n=17)
MeHg
(mean: 7.8,
n=17)
THg (mean
range: 23.5
- 109, n=16)
MeHg
(mean
range: 7.61
10.3,
n=16)

Rice MeHg intake
(mean range: 0.03 0.12 µg/kg/day)

Hair THg (mean range:
2.17 - 33.9 µg/g); Hair
MeHg (mean range:
0.78 - 2.25 µg/g)

The
proportion
of
grain intake for THg
and MeHg were less
than 5% for all participants [food sources
included grain (rice
and corn), soybean,
cole, meat, egg, milk,
water, food oil, salt,
fish].
The rice intake constituted more than 90%
of the total dietary
MeHg intake (from
rice, meat, vegetables, drinking water).
Positive
correlations
between rice MeHg
intake and hair MeHg
levels were observed.
Rice THg intake contributed 61% - 85%
of the total dietary
THg intake (from rice,
drinking water, soil)
The major routes of Hg
exposures are contaminated rice and inhalation of elemental Hg for
participants.

Guizhou

Yes, Hg
mining

Adults

98

THg (mean:
36.2, n=70)
MeHg
(mean: 8.5,
n=70)

China

Hunan

Yes, Hg
mining

Children /
adults

15

China

Guizhou

Yes, Hg
mining

Children /
adults

137

China

Guizhou

Yes, Hg
mining

Adults

85

Rice intake (600
g/day) Rice MeHg
intake (mean range:
0.076
0.103
µg/kg/day)

Hair THg (mean: 4.6
µg/g);
Hair MeHg
(mean: 1.7 µg/g)

Hair THg (GM range:
1.9 - 7.3 µg/g); Hair
MeHg (mean range:
1.3 - 2.8 µg/g)
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Hgpolluted?
No

Feng et al.
(2008)

Y. Li (2013)

P. Li et al.
(2008)

P. Li et al.
(2009)

Country

Region

Participants Sample
size
Adults
43

China

Guizhou

China

Rice
Hg
(ng/g, n)
THg (mean
range: 134138, n: 1825); MeHg
(mean
range: 14.4
- 15.4, n:
18-25)
THg (mean:
42.4,
n=168);
MeHg
(mean:
11.7,
n=168)

Rice consumption
or rice Hg ingestion
Rice MeHg intake
(mean range: 0.1220.148 µg/kg/day)

Hg biomarker

Note

Reference

Hair THg (mean range:
7.55 - 92 µg/g); Hair
MeHg (mean range:
3.53 - 5.63 µg/g); Urine
Hg (GM range: 30.6 714 µg/L)

Positive
correlations
between rice MeHg
intake and hair MeHg
levels were observed.

P. Li et al.
(2011)

Guizhou

Yes, Hg
mining

Adults

168

Rice intake (mean:
428 g/day); Rice
MeHg intake (mean
range: 0.050 - 0.132
µg/kg/day)

Positive
correlations
between rice MeHg
intake and hair MeHg
levels were observed.

P. Li, Feng,
et al. (2015)

160

IHg (mean
range: 26.4
- 51.6)*

Rice intake (mean:
371 g/day); Rice
IHg intake (mean
range:
0.0131 0.0255 µg/kg/day)

Hair THg (mean range:
1.33 - 5.07 µg/g); Hair
MeHg (mean range:
0.79 - 3.67 µg/g);
Blood THg (mean:
12.2
µg/L)
Blood
MeHg (mean: 2.2 9.36 µg/L)
Urine
Hg
(mean:
9.82 µg/L); Hair IHg
(mean:
0.99 µg/g);
Blood IHg (mean: 7.05
µg/g)

China

Guizhou

Yes, Hg
mining

Adults

P. Li, Du, et
al. (2015)

NA

128

THg (mean:
10.6,
n=130);
MeHg
(mean:
5.29,
n=130)

Rice intake (mean:
291 g/day) Rice
MeHg intake (mean
range: 0.017 - 0.028
µg/kg/day)

Hair
THg
(mean:
0.983
µg/g)
Hair
MeHg (mean: 0.133
µg/g)

Consumption of rice
contributed 18.6% 23.7% of the total daily
intake of IHg (other
medium included indoor air, outdoor air,
water, corn, fish, vegetables, meat, poultry).
The daily MeHg intake through rice consumption was 2.1 to
3.5 times than the
daily fish MeHg intake
(0.008 µg/kg/day).

China

Zhejiang

China

Guizhou

Yes,
compact
fluorescent
lamp
manufacturing
area
Yes, Hg
mining

Pregnant
mothers

17

THg (mean:
12, n=17);
MeHg
(mean: 5.0,
n=17)

Rice intake (mean:
230 g/day); Rice
MeHg
intake
(median:
0.017
µg/kg/day)

Hair THg (median:
0.96 µg/g); Hair MeHg
(median: 0.43 µg/g);
Blood THg (median:
3.0 µg/L)

Positive
correlations
between rice MeHg
concentrations
and
hair THg, hair MeHg,
and blood THg were
observed.

Rothenberg
et al. (2013)
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Hgpolluted?
Yes, Hg
mining

P. Liang et
al. (2015)

Country

Region

Hgpolluted?
Yes,
e-waste

Participants Sample
size
Adults
67

Rice
Hg
(ng/g, n)
THg: 20-81,
n=2; MeHg:
10.7-41.6,
n=2

Rice consumption
or rice Hg ingestion
Rice THg intake
(mean range: 0.119
- 0.258 µg/kg/day);
Rice MeHg intake
(mean range: 0.104
- 0.225 µg/kg/day)

Hg biomarker

Note

Reference

China

Zhejiang

Hair THg (mean range:
0.88 - 1.19 µg/g); Hair
MeHg (mean range:
0.35 - 1.25 µg/g)

Rice consumption contributed 27% - 31%
of the total dietary
THg intake, and 27%
- 32% of the total
dietary MeHg intake
(food sources included
rice, vegetable, fish,
meat, egg, milk, soybean, oil, salt)

Tang et al.
(2015)

Indonesia

Lombok
Island

Yes,
ASGM

Adults

80

NA

Hair THg (mean range:
2.52 - 7.72 µg/g) Hair
MeHg: (mean range:
0.755 - 1.004 µg/g)

Krisnayanti
et al. (2012)

Mie Prefecture
KNHANES
(20102012)

Yes, Hg
mining
No

Children /
adults
Adult
males

106

NA

2832

MeHg
(mean
range: 28.6
57.7,
n=19)
THg (mean:
22, n=26)
NA

Japan

Hair THg (mean range:
2.67 - 4.93 µg/g)
Blood THg (4.98 µg/L)

Morishita et
al. (1982)
Y. J. Lee
&
Hwang
(2014)

Korea

KNHANES
(20082009)

No

Adults

3404

NA

Philippines

Sitio
Honda
Bay

Yes,
ASGM

Pregnant
women /
offspring

35

THg: 3.083.61, n=2

NA

USA

NHANES
(200506
and
2007-08)

No

Children /
adults

16,236

NA

NA

Korea
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Rice consumption
frequency: ≤ once
a day (27.3%) twice
a day (28%) three
times a day (44.7%)
Rice MeHg intake:
2-3 µg/week

Blood
range:
µg/L)

THg (mean
3.75 - 5.33

Hair THg (mean range:
0.18-13.29 µg/g) Hair
MeHg (mean range: 013.29µg/g)
Urinary THg Blood
THg

No significant association between rice consumption and blood
THg levels.

Park & Lee
(2013)

Maramba et
al. (2006)

Positive
correlations
between rice MeHg
intake and hair MeHg
levels were observed.

Davis et al.
(2014)

ASGM (artisanal and small-scale gold mining), NHANES (National Health and Nutrition Examination Survey), KHANES (Korean National Health and Nutrition Examination Surey), Hg (mercury), MeHg (methylmercury), THg (total mercury), IHg (inorganic Hg), GM (geometric mean), NA (not available)

* The sample size of rice was not provided by the original study.

Table 2.2: Summary of studies reporting fish/shellfish mercury concentrations in
China (n=13).
Fish/shellfish
category

Sampling
site

Species

Sample
size

Average
total
mercury (µg/g)

Freshwater
fish

Daxin,
Guangxi

Common carp

1

0.042

Common carp
Tilapia
Tilapia
Silver carp
Silver carp
Catfish
Catfish
Grass carp
Grass carp
Bighead carp
Bighead carp
Mud carp
Hairtail

1
1
1
1
1
1
1
1
1
1
1
1
3

0.024
0.004
0.003
0.050
0.035
0.018
0.019
0.002
0.001
0.084
0.098
0.023
0.756

Pomfret
Small yellow croaker
Brown croaker
Japanese seabass
Trichiurus lepturus

3
3
3
3
6

0.181
0.172
0.197
0.266
0.0228

Larimichthys polyactis
Pampus argenteus
Collichthys lucidus
Hapaloyenys mucronatus
Pampus chinensis
Cynoglossus robustus
Muraenesox bagio
Conger myriaster
Nibea albif lora
Sebastiscus marmoratus
Thamnaconus modestus
Scomber japonicus
Scomberomorus niphonius
Ilisha elongata
Argyrosomus argentatus
Miichthys miiuy
Scoliodon sorrakowah
Sparus macrocephlus
Harpadon nehereus
Arius sinensis
Raja porosa
Mugil cephalus
Lateolabrax maculatus
Trachinotus ovatus
Hexagrammos otakii
Oplegnathus fasciatus
Rhabdosargus sarba
Seriola quinqueradiata
Auxis thazard
Coilia nasus
Large yellow croaker
Large yellow croaker
Silvery pomfret
Silvery pomfret
Large yellow croaker
Large yellow croaker
Silvery pomfret
Silvery pomfret

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
12
12
16
16
12
12
13
13

0.0159
0.0188
0.0122
0.0563
0.0224
0.0272
0.0348
0.0406
0.0362
0.0396
0.0172
0.0164
0.0274
0.0365
0.0627
0.0162
0.1666
0.0305
0.0141
0.0584
0.0476
0.0077
0.0210
0.0241
0.0206
0.0277
0.0480
0.0286
0.1228
0.0149
0.01545
0.00937
0.01626
0.01571
0
0.00111
0.01510
0.00894

Marine fish

Marine fish

Marine fish

Zhejiang
Province

Zhejiang
Province

Shanghai

33

Reference

This study

X. Chen et al. (2013)*

Gao et al. (2014)*

Geng et al. (2015)

Marine fish

Marine fish

Marine fish

Marine fish

Marine fish

Hainan
Province

Hainan
Island

Yongxing
Island

Pearl
River

Dapeng
Bay

Crimson snapper

8

0.081

Crimson sea bream
Japanese scad
Goldsilk seabream
Golden threadfin bream
Stonefish
Jarbua terapon
Spotted grouper
Speckled tongue sole
Largemouthed queenfish
Orbfish
Yellowfin filefish
Rabbitfish
Spinefood
Golden threadfin bream

10
4
10
4
4
4
4
8
9
11
6
4
10
56

0.074
0.081
0.217
0.171
0.147
0.223
0.115
0.071
0.113
0.043
0.036
0.010
0.015
0.138

Thornfish
Rabbitfish
Goldsilk seabream
Blue spotted grouper

24
32
25
9

0.417
0.0396
0.0945
0.164

Banded reef cod
Yellowband sweetlip
Nematalosa come

10
10
8

0.106
0.122
0.0187

Cynoglossus puncticeps
Cynoglossus arel
Leiognathus brevirostris
Liza macrolepis
Mugil cephalus
Valamugil formosae
Platycephalus indicus
Plotosus lineatus
Johnius belangerii
Dendrophysa russelii
Pennahia anea
Nibea albiflora
Epinephelus awoara
Epinephelus bruneus
Siganus fuscescens
Pampus argenteus
Inimicus japonicus
Apogon semilineatus

5
8
8
4
9
6
22
2
30
10
3
2
18
8
37
11
12
2

0.0103
0.0215
0.0339
0.0095
0.0103
0.012
0.0315
0.0385
0.0375
0.0229
0.0273
0.0268
0.0228
0.0265
0.0116
0.0095
0.0530
0.0368

Repomucenus curvicornis
Alepes melanoptera
Trachurus japonicus
Carangoides equula
Psenopsis anomala
Sardinella jussieu
Sardinella lemuru
Nematalosa come
Cynoglossus arel
Gerres filamentosus
Gerres macrosoma
Leiognathus brevirostris
Photopectoralis bindus
Lutjanus russellii
Valamugil formosae
Valamugil saheli
Liza macrolepis
Nemipterus japonicus
Inegocia japonica
Platycephalus indicus
Eleutheronema tetradactylum

18
5
5
8
2
8
5
5
15
4
5
24
3
7
8
3
2
24
2
5
3

0.0223
0.0075
0.0089
0.0393
0.0117
0.0135
0.0065
0.0177
0.0329
0.0331
0.0244
0.0413
0.0713
0.0489
0.0266
0.0144
0.0225
0.038
0.0192
0.046
0.0279
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J.-L. Liu et al. (2014)

J. Liu et al. (2014)

Pan et al. (2014)

Marine fish
Eel

Shenzhen
NA

Shrimp

Haihe
River
Haihe
River
Haihe
River
Xiamen

Crab
Snails
Other
fish

shell-

Other
fish

shell-

Other
fish

shell-

Pennahia argentata
Chrysochir aureus
Johnius carutta
Johnius macrorhynus
Pseudosciaena crocea
Argyrosomus japonicus
Nibea albiflora
Nibea soldado
Sebastiscus marmoratus
Epinephelus awoara
Epinephelus fasciatomaculosus
Siganus fuscescens
Siganus canaliculatus
Sillago sihama
Evynnis cardinalis
Sphyraena pinguis
Saurida elongata
Harpadon nehereus
Terapon jarbua
Terapon theraps
Apogon doederleini
Rhynchopelates
oxyrhynchus
Lagocephalus gloveri
Marine fish
Eel

9
3
4
21
8
7
2
2
10
25
3

0.0413
0.0908
0.0288
0.0768
0.0163
0.0274
0.0371
0.0369
0.0491
0.0313
0.0499

32
22
8
5
8
8
6
4
2
3
2

0.018
0.0134
0.1271
0.0416
0.0233
0.0145
0.0123
0.0484
0.0209
0.1243
0.0914

11
24
21

0.0309
0.037
0.05

River shrimp

10

0.01

Crab

10

0.0743

Snail

10

0.0306

Oyster

60

0.008

60
60
60
159

0.008
0.007
0.008
0.05

31

0.452

38
21
47
36
27
156

0.250
0.243
0.095
0.080
0.073
0.024

Pan et al. (2014)

Y. Wu et al. (2016)
Yamashita
et
al.
(2006)
Tong et al. (2015)

Short-necked clam
Razor clam
Mud clam
Northern Argopecten
irradians;
coast
Chlamys farreri; Crassostreavirginica; Lasaea nipponica; Meretrixmeretrix;
Ruditapes philippinarum;
Scapharcasubcrenata:
Sinonovaculaconstricta
Shandong Argopecten irradians
Province
Busycon canaliculatum
Haliotis asinina
Concha Ostreae
Sinonovacula constricta
Neptunea cumingi
Ruditapes philippinarum

*Authors reported methylmercury concentrations.

35

Tong et al. (2015)

J. Li et al. (2013)

P. Li & Gao (2014)

Zhang & Zhang (2015)

Table 2.3: Comparisons of hair total mercury concentrations using two hair-washing
methods (Formula 409 and 2-mercaptoethanol).

Sample
number
1
2
3
4
5
6

Sample source

Hair THg (µg/g)
Formula 409 (replicates)

Daxin
Daxin
Daxin
Guizhou, Province
Guizhou, Province
Guizhou, Province

1.16 (2)
0.768 (2)
1.93 (3)
0.714 (2)
1.72 (2)
2.21 (3)

THg (total mercury), 2-ME (2-mercaptoethanol).
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2-ME (replicates)

Difference (%)

0.888 (2)
0.645 (1)
1.72 (3)
0.526 (2)
1.48 (3)
1.69 (3)
Average difference

24
16
11
26
14
23
19

Table 2.4: Quality assurance/quality control for mercury measurements.

Relative percent difference (%) (n)
Matrix spikes (250 pg)
% Recovery (n)
IAEA 086 Human
Hair: % Recovery (n)
NRC-TORT2 Lobster
% Recovery (n)
NIST
1515
Apple
Leaves % Recovery (n)
Seronorm Trace Elements Blood % Recovery (n)
Contox Heavy Metal
Blood % Recovery (n)

Hair THg
5.5 ± 4.1 (369)

Hair MeHg
8.4 ± 5.9 (75)

Rice MeHg
7.7 ± 5.1 (56)

Fish THg
4.2 ± 3.9 (13)

Blood THg
< 20% (397)

NA

98 ± 25 (69)

96 ± 24 (56)

NA

NA

87 ± 6.7 (52)

78 ± 14 (52)

NA

NA

NA

NA

95 ± 13 (45)

96 ± 9.5 (32)

NA

NA

89 ± 5.7 (51)

NA

NA

91 ± 7.2 (4)

NA

NA

NA

NA

NA

85 − 115% (20)

NA

NA

NA

NA

85 − 115% (20)

THg (total mercury), MeHg (methylmercury), NA (not available)
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Table 2.5: Concentrations of rice methylmercury and fish/shellfish total mercury.

Rice
Freshwater fish
Marine fish*

N
398
13
1164

Average SD (ng/g)
2.7 ± 2.1
31 ± 31
56 ± 30

Median (Range) (ng/g)
2.2 (0.32-15)
23 (2, 98)
32 (0, 760)

Eel*
Shrimp*
Crab*
Snails*
Other shellfish*

21
10
10
10
755

50 ± 10
10
74
31
68 ± 110

NA
NA
NA
NA
24 (7, 450)

References
This study
This study
X. Chen et al. (2013),
Gao et al. (2014), Geng
et al. (2015), J. Liu
et al. (2014), J.-L. Liu
et al. (2014),Pan et
al. (2014),Y. Wu et al.
(2016)
Yamashita et al. (2006)
Tong et al. (2015)
Tong et al. (2015)
Tong et al. (2015)
P. Li & Gao (2014),
J. Li et al. (2013),
Zhang & Zhang (2015)

NA (not available)
* For marine fish and other shellfish, sampling statistics (average, SD and median) were weighted based on sample
size. The average ± SD was provided for eel, and the SD was not provided for shrimp, crab, and snails.
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Table 2.6: Food intake, dietary methylmercury intake, and biomarker mercury concentration (n=398 mothers).

Foods (servings/day)
Foods (g/day)

Dietary MeHg intake (µg/day)

Hg Biomarkers

Rice
Fish/shellfish
Rice
Fish/shellfish
Rice
Fish/Shellfish
Rice + Fish/Shellfish
%MeHg intake from rice
%MeHg intake from fish/shellfish
Hair THg (µg/g)
Hair MeHg (µg/g)
Hair %MeHg (of THg)
Blood THg (µg/L)

Hg (mercury), MeHg (methylmercury), THg (total mercury)
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Mean
1.8
0.13
231
18
0.63
0.60
1.2
71
29
0.48
0.32
67
1.5

Median (Range)
2.5 (0, 2.5)
0.033 (0, 2.9)
213 (0, 650)
5.6 (0, 470)
0.44 (0, 5.0)
0.15 (0, 20)
0.79 (0, 22)
87 (0, 100)
13 (0, 100)
0.40 (0.077, 1.7)
0.28 (0.011, 1.4)
67 (14, 108)
1.2 (0.29, 8.6)

Table 2.7: Low-level hair and blood mercury levels in pregnant women.
Study Site

Average
rice consumption (g /
capita /
day)a

Guangxi, China
Mexico

230
15

Average
Median hair
fish/shellfishTHg,
µg/g
con(sample size)
sumption (g /
capita /
day)a
18
0.40 (398)
25 − 27b
0.39 (371)

Sweden
Norway
South Africa
France
Spain
Avon, UK
Slovenia
Massachusetts, USA
Massachusetts, USA
USA (NHANES)
North Carolina, USA
New Jersey, USA
Istanbul, Turkey
Michigan, USA

17
13
47
16
26
19
11
20
20
20
20
20
22
20

25b
42b
16
95
76
52
25c
29d
59
59
59
39e
20
18f

Median Blood
THg,
µg/L
(sample size)

Reference

1.2 (397)
2.88-2.79 (217248)

This study
Basu et al. (2014)

0.35 (127)
1.67 (119)
0.60 (349)
0.52 (645)
3.9 (140)
1.86 (4134)
0.297 (574)
0.45g (135)
0.6h (393)

0.53h (189)
0.23 (1024)

0.7g (1183)
0.45g (210)
0.99h (149)
0.38g (143)

Björnberg et al. (2003)
Brantsæter et al. (2010)
Channa et al. (2013)
Drouillet-Pinard et al. (2010)
García-Esquinas et al. (2013)
Golding et al. (2013)
Miklavčič et al. (2011)
Oken et al. (2005)
Orenstein et al. (2014)
Razzaghi et al. (2014)
Sanders et al. (2012)
Stern et al. (2001)
Unuvar et al. (2007)
Xue et al. (2007)

NHANES (National Health and Nutrition Examination Survey), THg (total mercury)
a Aside from this study and otherwise indicated in footnotes b-f, average per capita consumption of rice and
fish/shellfish were obtained from (Food and Agriculture Organization of the United Nations (UNFAO), 2016).
b Mean fish/seafood consumption reported in manuscripts
c 25g/day from Miklavčič et al. (2011).
d 29 g/capita/day=(1.2 fish meals/week × 170 g/meal)/7 days (Average of 1.2 fish meals/week from Oken et al.
(2005))
e 39 g/capita/day=(83 fish meals/year × 170 g/meal)/365 days (Average of 83 fish meals/year from Stern et al.
(2001))
f 18 g/capita/day=(19.6 fish meals/6 months × 170 g/meal)/30.5 days (Average of 19.6 fish meals/6 months from
Xue et al. (2007))
g Geometric mean
h Average
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Figure 2.1: Locations of study sites. (a) The Guangxi Zhuang Autonomous Region,
China, (b) the Daxin County (maps from www.maphill.com).
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Figure 2.2: Flow chart of the literature search for the total mercury concentrations
of fish/shellfish.
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Figure 2.3: Distributions of (a) maternal age, (b) pre-pregnancy body mass index
(BMI), (c) mother’s ethnicity, (d) monthly household income, (e) mother’s education,
and (d) mother’s occupation.
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Figure 2.4: Distributions of (a) smoking during pregnancy, (b) secondhand smoke
during pregnancy, and (c) alcohol during pregnancy.
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Figure 2.5: Distributions of rice and fish/shellfish mercury levels. (a) Histogram
of the rice methylmercury (MeHg) concentrations, (b) bar chart of the rice MeHg
concentrations and total mercury (THg) concentrations for each fish/shellfish variety.
For marine fish and other shellfish, the average and SD were weighted based on sample
size; for eel, the average and SD was provided by original study; for shrimp, crab,
and snails, the SD was not provided by original studies.
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Figure 2.6: Distributions of rice consumption and fish/shellfish consumption. (a) Rice
consumption (non-daily vs. daily), (b) fish/shellfish consumption (rarely or never,
< twice/week, ≥ twice/week), (c) rice consumption frequency (servings/day), (d)
fish/shellfish consumption frequency (servings/day), (e) rice ingestion rate (g/day),
and (f) fish/shellfish ingestion rate (g/day).

46

Figure 2.7: Distributions of rice and fish/shellfish methylmercury (MeHg) intake. (a)
Rice MeHg intake, (b) fish/shellfish MeHg intake, (c) total MeHg intake through rice
and fish/shellfish ingestion, (d) percentage of total MeHg intake from rice consumption, and (e) percentage of total MeHg intake from fish/shellfish consumption.
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Figure 2.8: Histograms of (a) hair total mercury (THg), (b) log10 hair THg, (c) hair
methylmercury (MeHg), (d) log10 hair MeHg, (e) blood THg, and (f) log10 blood THg
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Figure 2.9: Bivariate analyses of hair total mercury (THg), hair methylmercury
(MeHg), and blood THg. Spearman’s correlation test for (a) hair MeHg vs. hair
THg (r=0.92, p<0.001, n=398), (b) blood THg vs. hair THg (r=0.69, p<0.001,
n=397), (c) blood THg vs. hair MeHg (r=0.69, p<0.001, n=397). Pearson’s correlations test for (d) log10 hair MeHg vs. log10 hair MeHg (r=0.92, p<0.001, n=398), (e)
log10 blood THg vs. log10 hair THg (r=0.69, p<0.001, n=397), (f) log10 blood THg
vs. log10 hair MeHg (r=0.67, p<0.001, n=397).
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Figure 2.10: Bivariate analyses of rice methylmercury (MeHg) intake and mercury
biomarkers. Spearman’s correlation test for (a) rice MeHg intake versus hair total
mercury (THg) (r=0.17, p<0.001), (b) rice MeHg intake versus hair MeHg (r=0.17,
p<0.001), (c) rice MeHg intake versus blood THg (r=0.21, p<0.001). Pearson’s correlation test for (d) log10 rice MeHg intake versus log10 hair THg (r=0.20, p<0.001),
(e) log10 rice MeHg intake versus log10 hair MeHg (r=0.22, p<0.001), and (f) log10
rice MeHg intake versus log10 blood THg (r=0.20, p<0.001) (n=397-398).
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Figure 2.11: Bivariate analyses of rice consumption frequency and mercury biomarkers. (a) Rice consumption frequency versus hair total mercury (THg) (r=0.11,
p=0.04), (b) rice consumption frequency versus hair methylmercury (MeHg) (r=0.07,
p=0.18), (c) rice consumption frequency versus blood THg (r=0.10, p=0.05) (Spearman’s correlation test for all, n=377-378).
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Figure 2.12: Bivariate analyses of fish/shellfish consumption frequency and mercury biomarkers. (a) Fish/shellfish consumption frequency versus hair total mercury (THg) (r=0.08, p=0.14), (b) fish/shellfish consumption frequency versus hair
methylmercury (MeHg) (r=0.04, p=0.45), (c) fish/shellfish consumption frequency
versus blood THg (r=0.03, p=0.54) (Spearman’s correlation test for all, n=397-398).
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Figure 2.13: Bivariate analyses of fish/shellfish methylmercury (MeHg) intake and
mercury biomarkers. Spearman’s correlation test for (a) fish/shellfish MeHg intake
versus hair total mercury (THg) (r=0.08, p=0.11), (b) fish/shellfish MeHg intake
versus hair MeHg (r=0.04, p=0.45), (c) fish/shellfish MeHg intake versus blood THg
(r=0.03, p=0.46). Pearson’s correlation test for (d) log10 fish/shellfish MeHg intake
versus log10 hair THg (r=0.08, p=0.11), (e) log10 fish/shellfish MeHg intake versus
log10 hair MeHg (r=0.04, p=0.42), and (f) log10 fish/shellfish MeHg intake versus
log10 blood THg (r=0.03, p=0.55) (n=397-398).
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Figure 2.14: Bivariate analyses of mother’s education versus fish/shellfish consumption frequency, fish/shellfish methylmercury (MeHg) intake, rice consumption frequency, and rice MeHg intake. (a) Education versus fish/shellfish consumption frequency (p<0.001), (b) education versus fish/shellfish MeHg intake (p<0.001)) (c) education versus rice consumption frequency (p=0.26), (d) education versus rice MeHg
intake (p=0.23) (Kruskal-Wallis test for all, n=386-388).
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Figure 2.15: Bivariate analyses of monthly household income versus fish/shellfish consumption frequency, fish/shellfish methylmercury (MeHg) intake, rice consumption
frequency, and rice MeHg intake. (a) Income versus fish/shellfish consumption frequency (p=0.05), (b) income versus fish/shellfish MeHg intake (p=0.05), (c) income
versus rice consumption frequency (p=0.41), (d) income versus rice MeHg intake
(p=0.59) (Kruskal-Wallis test for all, n=361-363).

55

Figure 2.16: Bivariate analyses of mother’s occupation versus income versus
fish/shellfish consumption frequency, fish/shellfish methylmercury (MeHg) intake,
rice consumption frequency, and rice MeHg intake.
(a) Occupation versus
fish/shellfish consumption frequency (p<0.001), (b) occupation versus fish/shellfish
MeHg intake (p<0.001), (c) occupation versus rice consumption frequency (p=0.78),
(d) occupation versus rice MeHg intake (p=0.41) (Kruskal-Wallis test for all, n=389391).
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Figure 2.17: Summary of median or mean total mercury (THg) concentrations in
(a) maternal hair and (b) maternal blood, from studies among pregnant women with
low-level mercury exposure (see Table 2.7 for more detail).
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Chapter 3
Prenatal Methylmercury Exposure and
Neonatal Anthropometry
3.1

Introduction

Methylmercury (MeHg) is a potent neurotoxin, and it poses a significant risk to
human health (Mergler et al., 2007; National Research Council, 2000). A developing
fetus is particularly susceptible to the adverse effects caused by MeHg exposure,
as MeHg can readily cross the placenta and pass through the blood brain barrier
(Clarkson & Magos, 2006). A recent review on the human health effects of MeHg
exposure indicated that some studies showed that maternal exposure to low-level
MeHg during pregnancy had adverse effects on fetal growth, such as birth weight
(Karagas et al., 2012).
Impaired fetal growth is associated with a number of adverse health effects throughout the lifespan, including neonatal mortality and morbidity (Bernstein et al., 2000)
and some chronic diseases later in life (Barker, 2006; Kajantie et al., 2005). Weight
and length at birth are important indicators of developing health conditions. For
example, infants born small-for-gestational age (SGA, birth weight for gestational
age < 10th percentile) were observed to be at greater risk for developing hypothermia and hypoglycemia during childhood (Doctor et al., 2001). Children born with
low birth weight (birth weight < - 2 SD) showed a transition toward adiposity and
insulin resistance when they were 2 to 4 years old (Ibáñez et al., 2006). Variations in
birth length have been associated with the risk of perinatal and postnatal mortality
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(MELVE et al., 2000; Cheung et al., 2002). Restricted brain growth due to severe
intrauterine growth restriction was observed to affect the development of cognitive
abilities after birth (Frisk et al., 2002). Additionally, inhibited fetal growth has shown
to be associated with some chronic diseases in adulthood, such as high systolic blood
pressure, cardiovascular disease, and type 2 diabetes (Barker, 2006).
The ponderal index (birth weight/birth length3 ) is used to identify disproportionate fetal growth. The ponderal index was found to be associated with the risk of
perinatal and postnatal mortality (Cheung et al., 2002). High ponderal index (≥ 3.17
g/cm3 × 100) was observed to be positively associated with obesity in a cohort of
elementary school children in first grade (mean age was 6.1 ± 0.3 years) (Loaiza et
al., 2011). Low ponderal index has been associated with an increased risk of coronary
heart disease among adult men (Eriksson et al., 2001) or insulin resistance by 10 years
of age (Larnkjær et al., 2011).
Risk factors for fetal growth are numerous, including maternal demographic or
socioeconomic characteristics, health status and nutritional status during pregnancy,
and environmental exposures (Wardlaw et al., 2004; de Bernabé et al., 2004; Triche &
Hossain, 2007; Barger, 2010). Some epidemiological studies have shown that prenatal
exposure to specific environmental toxins may result in adverse birth outcomes. For
example, a Baltimore study observed weak negative associations between cord serum
levels of perfluorooctane sulfonate and perfluorooctanoate and birth weight, head
circumference, and ponderal index (Apelberg et al., 2007). A Chinese study reported
that prenatal exposure to high-level manganese (≥ 5.0 µg/L in cord blood) was
associated with a high prevalence of high ponderal index (≥ 3.17 g/cm3 × 100)
(X. Yu et al., 2013).
The associations between prenatal exposure to low-level MeHg during pregnancy
and neonatal outcomes (such as birth weight, birth length, head circumference, and
ponderal index) have been evaluated in some epidemiological studies, yet the results
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are varied. Some studies have found significant associations between low-level prenatal mercury (Hg) exposure and birth weight, birth length, or ponderal index (Ramón
et al., 2010; Gundacker et al., 2010; B.-E. Lee et al., 2010; Ou et al., 2015; Wells
et al., 2016). For example, a Spanish study (n = 554) observed that birth weight
decreased with increasing cord blood total mercury (THg) [geometric mean (GM)
= 9.4 µg/L] after adjusting for potential variables (fish intake, vegetable intake, energy intake, maternal age, pre-pregnancy weight, gestational weight gain, parity, and
smoking status) (Ramón et al., 2010). A study in South Korea (n = 417) observed
significant inverse relationships between maternal blood Hg (GM = 3.3 µg/L) and
cord blood Hg (GM = 5.53 µg/L) concentrations and birth weight in both unadjusted and adjusted models [covariates: gestational age, pre-pregnancy body mass
index (BMI), maternal age, maternal education level, infant sex, parity, and weight
gain during pregnancy] (B.-E. Lee et al., 2010). A study conducted in north China (n
= 50) observed significant negative associations between maternal blood THg (GM
= 2.29 µg/L) and birth weight and length in adjusted models (covariates: residential
location, maternal age, gestational length, parity, infant sex, maternal after-delivery
weight or height, and paternal and parental weight or height) (Ou et al., 2015). An
Austria study (n = 53) showed that maternal hair THg (median = 0.184 µg/g) was
significantly positively correlated with birth length in bivariate analysis (Gundacker
et al., 2010). Finally, a study in Baltimore (n = 271) observed significantly inverse
associations between cord blood MeHg (GM = 0.94 µg/L) and ponderal index in
both unadjusted and adjusted models [covariates: infant sex, gestational age, maternal age, primiparity, pre-pregnancy BMI, maternal race, maternal smoking, maternal
pregestational and gestational hypertension, maternal pregestational and gestational
diabetes, cord serum selenium (Se), cord serum omega 3 - highly unsaturated fatty
acids (n-3 HUFAs), and cord blood inorganic Hg (IHg)] (Wells et al., 2016).
However, no significant associations between prenatal low-level MeHg exposure
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and neonatal outcomes (birth weight, birth length, and head circumference) were
observed in a few studies (Daniels et al., 2007; Ding et al., 2013; Guo et al., 2013).
For example, a British study (n = 7375) reported that the cord tissue THg (median =
0.01 µg/g wet weight) was not related to gestational age or birth weight in adjusted
models (gestational age, infant sex, birth order, maternal fish consumption, age,
education, other dental history variables, prenatal smoking and alcohol use) (Daniels
et al., 2007). A study conducted in rural northern China (n = 258) reported no
significant associations between maternal blood THg (GM = 0.83 µg/L) or cord blood
THg (GM = 1.46 µg/L) levels and birth weight, length, and head circumference in
adjusted models (gestational age, parity, infant sex, pre-pregnancy BMI, weight gain
during pregnancy, maternal age, household monthly income, and smoking during
pregnancy) (Ding et al., 2013). There are a number of factors that likely contributed
to differences in previous findings, including differences in biomarkers, covariates, and
adjustment for rice and/or fish/shellfish consumption.
In this chapter, we evaluated the associations between prenatal MeHg exposure
and neonatal anthropometrics, including birth weight, birth length, head circumference, and ponderal index, in a population living in rural China, where rice ingestion was an important MeHg exposure pathway. Meanwhile, we investigated
whether the MeHg exposure impacts would change after adjusting for rice consumption, fish/shellfish consumption, and maternal serum Se.

3.2

Methods

Recruitment and data collection
The study site was located in Daxin County, Guangxi Zhuang Autonomous Region.
Briefly, between May 2013 and March 2014, pregnant women were recruited at parturition at the local Maternal and Child Health Hospital. Eligible mothers were those
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with a singleton pregnancy, in good general health, who had resided in Daxin County
during the three previous months and planned to remain for the next year. Written
informed consent was obtained from each mother prior to enrollment in this study.
After enrollment, about 50 strands of maternal hair from the occipital region were
collected by trained nurses and stored at room temperature in a plastic bag. A nonfasting maternal blood sample was collected by venipuncture (6 ml) into two vials,
including one with lithium heparin anticoagulant, and a second vial for separation
of serum by centrifugation (3600 rpm, 10 min). Whole blood and serum were stored
frozen at -26 ◦ C, and then at -80 ◦ C.
During their hospital stay, the mothers completed a questionnaire, which included questions about maternal demographic and socioeconomic status (maternal
age, height, pre-pregnancy weight, education level, occupation, and monthly household income), maternal characteristics (smoking status and alcohol consumption during pregnancy), and pregnancy history (primipara). Mothers also filled out a modified
semi-quantitative food frequency questionnaire (FFQ) (Cheng et al., 2009), corresponding to their diet during the third trimester. Food categories included rice and
seven commonly consumed varieties of fish/shellfish (i.e. freshwater fish, marine fish,
shrimp, eel, crab, snail and other shellfish). For each food item, the FFQ provided
eight options, raging from “rarely or never” to “≥ twice/week”. With regard to the rice
ingestion, mothers also reported quantity per serving by selecting one of three bowls
from a picture or actual bowls. Then, rice ingestion rate (g/day) and fish/shellfish
consumption frequency (rarely or never, < twice/week, and ≥ twice/week) were calculated based on the FFQ. For rice ingestion rate (g/day), missing observations (8.5%)
were imputed based on the multivariate normal distribution (Schafer, 1997).
Information on the current delivery and neonatal outcomes was collected shortly
after birth. Birth weight (grams), birth length (cm), head circumference (cm), offspring gender, delivery method, gestational age at delivery, and gestational weight
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gain were based on electronic medical records.
Percentiles and z-scores for birth weight, birth length, and head circumference
according to gestational age and offspring gender were calculated using international
newborn standards which were published by the International Fetal and Newborn
Growth Consortium for the 21st Century (INTERGROWTH-21st ) Project (Villar
et al., 2014). The INTERGROWTH-21st is a multicenter, multiethnic, populationbased project, which was conducted in eight countries (Brazil, China, India, Italy,
Kenya, Oman, UK, and USA) (Villar et al., 2013). Also, the INTERGROWTH-21st
project selected healthy cohorts with no obvious risk factors for intrauterine growth
restriction (Villar et al., 2013).
SGA by weight (or length or head circumference) was defined as < 10th percentile
of birth weight (or birth length or head circumference) for gestational age and gender;
large-for-gestational age (LGA) by weight (or length or head circumference) was
defined as > 90th percentile of birth weight (or birth length or head circumference)
for gestational age and gender; otherwise, newborns were classified as appropriatefor-gestational age (AGA) by weight (or length or head circumference). Ponderal
index (g/cm3 × 100) was calculated as the ratio of birth weight (grams) to birth
length (cm) cubed, multiplied by 100. Protocols were reviewed and approved by the
Institutional Review Boards at the University of South Carolina (USA) and Xin Hua
Hospital (China).

Laboratory analysis and quality assurance/quality control
(QA/QC)
We measured THg and MeHg concentrations in maternal hair, THg concentrations
in maternal blood, and Se concentrations in maternal serum. Briefly, maternal hair
samples corresponding to the third trimester (34 mm) were analyzed. Before analysis, exogenous Hg was removed by washing hair samples in 0.1% (v/v) 2- mercap63

toethanol. Then, samples were triple-rinsed in double-distilled water (DDI-H2 O) and
air-dried in a biosafety cabinet (Baker Company, Sanford, USA). After washing, hair
THg was measured without digestion by atomic absorption spectrometry (AAS) using a Lumex Model RA-915+/pyro-915+ (St. Petersburg, Russia) following US EPA
Method 7473 (U.S. Environmental Protection Agency, 2007). Hair MeHg was extracted in 2 ml of 25% (w/v) sodium hydroxide (NaOH) : DDI-H2O for 3 hours at 75
◦

C, then diluted with boiling DDI-H2 O. The extracts of hair MeHg were analyzed us-

ing a gas chromatography-cold vapor atomic fluorescence spectrometry (Brooks Rand
Model III, Seattle, WA, USA) following US EPA Method 1630 (U.S. Environmental
Protection Agency, 2001a).
Blood THg was measured using a DMA-80 (Milestone, Inc., Shelton, CT, USA)
following EPA Method 7473 (U.S. Environmental Protection Agency, 2007). Serum
Se was analyzed by inductively coupled plasma-mass spectrometry (Agilent 7500CE,
USA) following US EPA Method 3050B (U.S. Environmental Protection Agency,
1996).
The QA/QC for maternal biomarkers analyses were ensured by the use of standard
reference materials (SRM), matrix spike recoveries, and relative percent difference
(RPD) for analysis of replicates, which was summarized in Table 3.1. In addition,
the limits of detection were: hair THg (0.0095 µg/g), hair MeHg (0.0001 µg/g), blood
THg (0.14 µg/L), and serum Se (1.6 µg/L). All observations were above the limits of
detection.

Data analysis
Univariate analysis and bivariate analysis was provided for all variables. We conducted both simple linear regression and multivariable linear regression models to
evaluate the associations between maternal Hg biomarkers (maternal hair THg, maternal hair MeHg, and maternal blood THg) and neonatal outcomes (birth weight
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z score, birth length z score, head circumference z score, and ponderal index). For
model analysis, a log10 transformation was applied to right-skewed variables to minimize the disproportional impact of extreme values. These variables were maternal
Hg biomarkers, maternal serum Se, and rice ingestion (g/day).
The inclusion of covariates in the multivariable regression models was based on
prior studies concerning prenatal MeHg exposure and birth outcomes (A. L. Choi et
al., 2008; Guo et al., 2013; Ding et al., 2013; Wells et al., 2016). Covariates used
in this study include maternal age (years), pre-pregnancy BMI (underweight, normal, overweight, obese) (World Health Organization, 2004), maternal education (<
high school, high school, university), gestational age at delivery (weeks), gestational
weight gain (kg), offspring gender (female, male), delivery method (cesarean, vaginal),
rice ingestion (g/day), fish/shellfish consumption (rarely or never, < twice/week, ≥
twice/week), and maternal serum Se (µg/L), which has been suggested to be a potential protective factor (A. L. Choi et al., 2008; Wells et al., 2016).
For consistency, the same set of covariates was included in the multivariable regression model for each outcome measure. The models for head circumference z score
were additionally adjusted for the delivery mode (Vaginal, Caesarian), in order to
be consistent with other studies (Guo et al., 2013; Wells et al., 2016). Additionally,
the models for birth weight z score, birth length z score, and head circumference z
score were not adjusted for offspring gender and gestational age, because z score was
defined based on growth charts for birth size standards by gestational age (weeks)
specific for offspring gender (Villar et al., 2014) Diagnostics for multivariable linear
regression models included investigation of the plots of residuals versus fitted values,
investigation of the quantile-quantile plots to check the distribution of the residuals, and Cook’s distance to check for potential outliers. In addition, we used Akaike
Information Criterion values to compare models.
Analyses were performed using SAS 9.4 software (SAS Institute Inc., Cary, NC,
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USA) and the R-platform. An alpha-level of 0.05 was considered statistically significant.

3.3

Results

Maternal and neonatal characteristics
Over the course of the recruitment period, 1261 mothers gave birth at the local
hospital. Among these mothers, 408 provided informed consent. Subsequently, ten
mothers were excluded because they did not give birth in the hospital (n = 1), gave
birth to twins (n = 1), did not live in Daxin during the previous three months (n = 3),
or did not complete data collection (n = 5), leaving a total of 398 study participants.
In the Daxin cohort, the average maternal age was 28 ± 5.1 years, and most of the
mothers had an education level below high school (81%) and worked as farmers (76%).
59% of the participants had a monthly household income below 2000 RMB. Very few
of them reported smoking (1.3%) or drinking alcohol (1.0%) during pregnancy.
Among the newborns, 3.5% (n = 14) were born with low birth weight (< 2,500
g). Based on the percentiles for birth weight, 46 (12%) and 17 (4.3%) newborns were
classified as SGA (< 10th) and LGA (> 90th), respectively. For percentiles for birth
length, there were 12 (3.0%) with SGA (< 10th) and 151 (38%) with LGA (> 90th).
And, for percentiles for head circumference, there were 163 (50%) with SGA (< 10th)
and 6 (1.5%) with LGA (> 90th).
Detailed characteristics of these 398 mothers/offspring are summarized in Table
3.2 (see also Figure 2.3, 2.4, 3.1-3.5).

Concentrations of Hg and Se in maternal biomarkers
Detailed results for the maternal Hg biomarkers are described in Chapter 2 (Table
3.2). For the maternal serum Se, the GM concentration was 150 µg/L (median
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= 150 µg/L, range: 66 - 540 µg/L, Table 3.2). Among 396 pregnant women, 12
mothers (3.0%) were Se deficient (< 87 µg/L for non-pregnant women) (World Health
Organization & Food and Agricultural Organization of the United Nations, 2006).
The distributions of maternal Hg biomarkers and serum Se were shown in Figure 2.8
and 3.2.

Bivariate analyses
Comparison with other pregnant cohorts with low-level Hg exposure
Maternal age and Hg biomarkers were found to be positively correlated in some
pregnant cohorts (Björnberg et al., 2003; Xue et al., 2007; Basu et al., 2014; Wells et
al., 2016). These positive correlations reflect the MeHg exposure increasing with age.
For example, a Baltimore birth cohort (n = 271) observed that cord blood MeHg
increased with increasing maternal age in unadjusted models (beta = 0.019, 95% CI:
-0.0002, 0.037) (Wells et al., 2016). A Michigan birth cohort (n = 1024) found that
higher maternal hair THg levels were significantly associated with older maternal
age (± 25 years)(Xue et al., 2007). A Mexico birth cohort (n = 348) reported that
maternal age was positively associated with blood Hg levels in trimester 2 (beta =
0.015, p < 0.05) and 3 (beta = 0.035, p < 0.05), but not levels in trimester 1 or in
cord blood in unadjusted models (Basu et al., 2014). A Swedish study (n = 112)
found that older mothers had higher maternal hair THg levels, but not cord blood
MeHg (Björnberg et al., 2003). The authors from this Swedish study speculated that
in their study older women had a higher seafood intake before pregnancy and the
seafood consumption decreased during pregnancy (Björnberg et al., 2003).
However, no significant correlation was observed between maternal age and all Hg
biomarkers (i.e. hair THg, hair MeHg and blood THg) in the Daxin cohort (Spearman’s rho = 0.05 - 0.09, p = 0.08-0.34) (Figure 3.6). Maternal age was borderline
positively correlated with blood THg (Spearman’s rho = 0.09, p = 0.08). Our find67

ings were similar to a study from Canada (Mahaffey & Mergler, 1998) (n = 288),
which did not observe significant relationships between blood THg levels and age in
men and women.

Pre-pregnancy BMI
Pre-pregnancy BMI is known to be an influencing factor for fetal growth (Wardlaw
et al., 2004). Several recent studies have observed that pre-pregnancy BMI was positively associated with birth weight (Frederick et al., 2008; Nohr et al., 2008). In
a systematic review and meta-analyses, the authors observed that maternal underweight (defined by the original studies) has been shown to increase the risk of preterm
birth (< 37 weeks) and low birth weight (< 2,500 g) (Han et al., 2012). A Chinese
study observed that pre-pregnancy BMI was positively correlated with birth weight,
birth length, and ponderal index (X. Yu et al., 2013). As expected, we observed that
pre-pregnancy BMI was weakly positively correlated with all neonatal anthropometries (i.e. birth weight, birth length, head circumference, and ponderal index) in this
study (Spearman’s rho = 0.12-0.21, p < 0.05 for all) (Figures 3.7 and 3.8).
Additionally, in this study, we observed that pre-pregnancy BMI was negatively
correlated with hair THg (Spearman’s rho = -0.11, p = 0.03), and borderline with
blood THg (Spearman’s rho = -0.08, p = 0.09), but not with hair MeHg (Spearman’s
rho = -0.05, p = 0.28) (Figure 3.9). Our findings were potentially similar to a U.S.
study (National Health and Nutrition Examination Survey, 2007-2010) that reported
that blood Hg levels for adults were inversely associated with BMI, after controlling
for MeHg intake through fish/shellfish ingestion (Rothenberg et al., 2015).

Gestational weight gain
The Institute of Medicine (IOM) published recommendations for weight gain during
pregnancy based on pre-pregnancy BMI (Institute of Medicine, 2009). Excessive
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gestational weight gain is associated with an increased risk of caesarean delivery
and LGA, and inadequate gestational weight gain is associated with an increased
risk of SGA (Nohr et al., 2008). In general, the IOM recommends less weight gain
for increasing pre-pregnancy BMI (Institue of Medicine, 2009). In this study, we
observed that pre-pregnancy BMI was inversely correlated with gestational weight
gain (Spearman’s rho= -0.23, p < 0.0001) (Figure 3.10), which was consistent with
other studies (Rode et al., 2007; Nohr et al., 2008; Dietz et al., 2009) and IOM
recommendations (Institue of Medicine, 2009). Using the WHO BMI cutoff points for
American populations (underweight: less than 18.5 kg/m2 , normal weight: 18.5-24.9
kg/m2 , overweight: 25-29.9 kg/m2 , obese: 30 and greater kg/m2 ), 209 mothers (53%)
were below the IOM guideline, 105 mothers (26%) were within the IOM guidelines,
and 83 mothers (21%) were above the IOM guidelines (Table 3.3).

Rice and fish/shellfish ingestion
The mean rice ingestion rate in the Daxin cohort was 231 g /day (median: 210 g/day,
range: 0-650 g/day), which was similar to the mean rate in China (214 g/day) (Food
and Agriculture Organization of the United Nations, 2016). The statistics test results
indicated that there were no significant differences in the rice consumption (g/day) by
mother’s education level (< high school, high school, university), mother’s occupation
(farmers, workers, unemployed, other), or household income (< 2000 RMB/month, ≥
2000 RMB/month) (Kruskal-Wallis test, p > 0.1 or Wilcoxon- Mann-Whitney test,
p > 0.1, Table 2.14, 2.15, and 2.16).
For the fish/shellfish consumption, the mean ingestion rate was 18 g/day (median
= 5.6 g/day, range: 0 - 470 g/day), which was lower than the average rate of the general Chinese population (95 g/day) (Food and Agriculture Organization of the United
Nations, 2016). The fish/shellfish consumption (g/day) was significantly higher for
mothers who completed university (median: < high school = 3.3 g/day; high school
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= 10 g/day; university = 17 g/day), who were workers or other (median: farmers =
3.3 g/day; workers = 17 g/day; unemployed = 14 g/day; other = 22 g/day), or who
had higher monthly household income (RMB/month) (< 2000 = 0 g/day; ≥ 2000 =
5.6 g/day) (Kruskal-Wallis test or Wilcoxon-Mann-Whitney test, p < 0.05) (Figure
3.11).
Additionally, the rice consumption rate (g/day) was not correlated with the
fish/shellfish consumption rate (g/day) (Spearman’s rho = 0.05, p = 0.27, n=398).

Hg and Se
Se is an essential trace metal, which is hypothesized to be a natural antagonist to
Hg in mammalian animals. Se is incorporated into selenoproteins which are able to
interact with Hg by forming Se-Hg protein compounds (Gromer et al., 2005; Taylor et
al., 2009). The Se-Hg interaction may possibly affect MeHg toxicity. For example, an
animal study found that the symptoms of neuronal degeneration induced by MeHg
in the developing rat cerebrum were prevented by coexposure to Se, which indicated
that Se might be an protective factor against MeHg toxicity in mammals (Sakamoto
et al., 2013). Additionally, a human study observed that among subjects with high
Hg exposure, the expression of selenoproteins in serum was increased, however no
correlation was observed between serum Hg and Se (C. Chen et al., 2006). The
authors suggested that the selenoproteins might affect the Hg toxicity by binding
more Hg through their highly reactive selenol groups (C. Chen et al., 2006). The
associations between Se and Hg in pregnant women have received some attention
from other researchers. In two Faroe Islands birth cohorts with maternal whale
consumption, Se and Hg in cord blood were positively correlated (r=0.35 for the
first cohort, n=880 and r=0.29 for the second cohort, n=142) (A. L. Choi et al.,
2008). However, there were no inverse relationships observed between Se and scores
of Hg-induced neuropsychological dysfunctions assessments in multivariate regression
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models (A. L. Choi et al., 2008). A Baltimore study (n = 271) reported that cord
blood MeHg and cord serum Se was not correlated (Spearman’s rho = -0.02), and the
strength of the relationship between MeHg and birth outcomes (i.e. gestational age,
birth weight, birth length, head circumference, and ponderal index) was not affected
by the inclusion of Se in multivariable regression models (Wells et al., 2016). In this
study, we observed that hair THg and hair MeHg were not significantly correlated
with serum Se (Spearman’s rho = 0.06-0.09, p = 0.09-0.20), while blood THg had a
weakly positive correlation with serum Se (Spearman’s rho = 0.10, p = 0.04) (Figure
3.12).

Other variables
Education, occupation, and monthly household income were associated with each
other in the Daxin cohort (p < 0.001 for education versus occupation, p = 0.08
for occupation versus monthly household income, p = < 0.01 for education versus
monthly household income, Fisher’s exact test for all). For example, mothers who
were workers mostly had an education level of high school or above and a monthly
household income above 2000 RMB/month.
Additionally, education was marginally correlated with delivery method (Chisquared test, p = 0.07). Mothers with an education level of high school or above were
more likely to deliver their children by cesarean. Among 388 mothers who reported
education and delivery method, 37% of the mothers with a high school degree or above
delivered their children by cesarean, whereas 25% of the mothers with an education
level below high school delivered their children by cesarean (Table 3.4).

Hg biomarkers and outcome measures
Unadjusted correlations between Hg biomarkers and outcome measures were investigated. Birth weight z score was weakly inversely correlated with all three Hg
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biomarkers (Spearman’s rho range: |0.10 - 0.11|, p ≤ 0.05 for all), while the ponderal index was weakly inversely correlated only with blood THg (Spearman’s rho
= -0.11, p=0.03) (Figures 3.13-3.18). However, all other unadjusted correlations between Hg biomarkers and outcome measures (including ponderal index, birth length
z score, and head circumference z score) were non-significantly inverse (Spearman’s
rho range: |<0.01-0.07|, p = 0.15-0.98) (Figures 3.13-3.18).
In adjusted linear models for birth weight z score, birth length z score and head
circumference z score, birth weight z score was inversely associated with all three
biomarkers, but the trends for log10 hair THg (beta: -0.41, 95% CI: -0.78, -0.032,
p = 0.03) and log10 hair MeHg (beta: -0.31, 95% CI: -0.63, 0.0013, p = 0.05) were
significant, while the trend for log10 blood THg (beta: -0.36, 95% CI: -0.73, 0.010,
p = 0.06) was borderline. For a doubling in log10 hair THg (µg/g), the z score for
birth weight decreased by 0.12 (95% CI: -0.23, -0.01); for a doubling in log10 hair
MeHg (µg/g), the z score for birth weight decreased by 0.09 (95% CI: -0.19, < 0.01);
for a doubling in log10 blood THg (µg/L), the z score for birth weight decreased by
0.11 (95% CI: -0.22, < 0.01). The relationships observed in other adjusted models for
Hg biomarkers and outcome measures (birth length z score and head circumference
z score) were inverse but nonsignificant (Table 3.5 and Figures 3.19-3.21).
In three adjusted models for ponderal index, ponderal index significantly decreased
with increasing log10 blood THg (beta: -0.13, 95% CI: -0.24, -0.017), but not with
other Hg biomarkers (Table 3.5 and Figure 3.22). For a doubling in blood THg
(µg/L), the ponderal index decreased by 0.04 (g/cm3 × 100) (95% CI: -0.07, < 0.01). Additionally, for all models for ponderal index, we observed two disconnected
observations in the plots of residuals versus fitted values (Figure 3.25). These two
disconnected observations were the two lowest observations for ponderal index (0.83
and 0.97, g/cm3 × 100) (< 10th percentile). After excluding these two disconnected
observations, the betas and 95% CIs for Hg biomarkers and other covariates did not
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change much (Tables 3.5 and 3.6, and Figure 3.22).

Other covariates and outcome measures
Unadjusted relationships between other covariates [i.e. maternal age (years), prepregnancy BMI (underweight, normal, overweight, obese), gestational weight gain (kg),
education (< high school, high school, university), offspring gender, gestational age
(years), delivery method (cesarean, vaginal), rice ingestion (g/day), fish/shellfish consumption (rarely or never, < twice/week, ≥ twice/week), and serum se (µg/L)] and
outcome measures were investigated. Gestational weight gain was weakly positively
correlated with birth weight z score, birth length z score, head circumference z score
(Pearson’s rho range: 0.19 - 0.22, p < 0.001 for all), but not with ponderal index
(Pearson’s rho = 0.06, p = 0.20) (Figure 3.24). Also, gestational age was weakly
negatively correlated with head circumference z score (Pearson’s rho = -0.14, p =
0.004), and weakly positively correlated with ponderal index (Pearson’s rho = 0.10, p
= 0.04) (Figure 3.25). Additionally, offspring whose mothers possessed an education
level of high school or above were likely to have a larger birth length z score and head
circumference z score (One-way ANOVA test, p < 0.05) (Figure 3.26). Offspring
delivered by cesarean had a larger head circumference z score than those delivered
vaginally (Student’s t-test, p < 0.01)(Figure 3.27). No significant relationships were
observed between other covariates and outcome measures (Figures 3.28-3.35).
In all 12 adjusted models, gestational weight was still positively associated with
birth weight z score (beta = 0.4 for all, p < 0.01), birth length z score (beta = 0.03
for all, p = 0.01), and head circumference z score (beta = 0.04 for all, p < 0.01),
but marginally positively associated with ponderal index (beta < 0.01 for all, p =
0.08-0.09). In all three adjusted models for head circumference, delivery method was
associated with head circumference z score. We observed that babies born by cesarean
had a higher head circumference z score, compared to those delivered vaginally (p
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< 0.001 for all), and babies whose mothers possessed a high school education level
had a marginally higher head circumference than those whose mothers had an education level below high school (beta: 0.26-0.27, p ≤ 0.1 for all). This may be due to
the correlations between maternal education and delivery method. After excluding
either education or delivery method from the adjusted models, there were no significant changes for the betas, 95% CIs, and the models satisfied assumptions, which
indicated that they were not confounders quantitatively for the main associations
of interest. Additionally, compared to mothers who were underweight, mothers who
were overweight had higher birth weight z score (p < 0.01 for all) and z score for head
circumference (p < 0.02 for all). No significant associations were observed between
other covariates and outcome measures. Detailed results are summarized in Tables
3.7 - 3.9.

3.4

Discussion

In this study, we included three maternal Hg biomarkers (hair THg, hair MeHg, blood
THg) and four birth outcome measures (birth weight, birth length, head circumference, ponderal index), and evaluated each association in unadjusted and adjusted
analyses. Our findings indicated that all three Hg biomarkers were inversely related
with birth weight z score in adjusted models, the trends were significant for hair THg
and hair MeHg, and marginally significant for blood THg. We found similar results
for the relationships between all three Hg biomarkers and birth weight z score, birth
length z score, and head circumference z score; however, the relationships between
Hg biomarkers and the ponderal index were different. In the adjusted model analyses
for ponderal index, the trends were non-significant for hair THg and hair MeHg, but
significant for blood THg. Additionally, the results showed that the relationships
between all Hg biomarkers and neonatal outcomes did not differ greatly between
unadjusted and adjusted models.
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So far, several studies have evaluated the influences of prenatal low-level MeHg
exposure through maternal fish/shellfish ingestion on neonatal anthropometrics, and
have shown varied results (Daniels et al., 2007; Ramón et al., 2010; Gundacker et al.,
2010; B.-E. Lee et al., 2010; Ding et al., 2013; Ou et al., 2015; Wells et al., 2016).
Similar to the previous studies reporting inverse relationships between birth weight
and some Hg biomarkers in fish-eating populations, such as cord blood THg (Ramón
et al., 2010; B.-E. Lee et al., 2010) or maternal blood THg (B.-E. Lee et al., 2010;
Ou et al., 2015), we observed that birth weight z score was significantly inversely
associated with hair THg and hair MeHg, and marginally inversely associated with
blood THg after adjusting for potential covariates in this cohort whose significant
MeHg exposure source was rice.
For the birth length, to date only one study has reported a significantly adverse
relationship between maternal blood THg and birth length in adjusted models (Ou
et al., 2015). Additionally, a significantly positive correlation between maternal hair
THg and birth length was found in a study from Austria based on bivariate analysis
(Gundacker et al., 2010). Fish/shellfish ingestion was considered to be the main
route of prenatal MeHg exposure in these two study cohorts (Gundacker et al., 2010;
Ou et al., 2015). In this study, no significant relationships were found between any
Hg biomarkers and birth length z score in adjusted models, similar to five other
fish-eating cohorts which did not report significant associations of birth length with
prenatal Hg exposure, measured in cord blood (Lederman et al., 2008; Ding et al.,
2013; Guo et al., 2013; Wells et al., 2016), maternal hair (Drouillet-Pinard et al.,
2010; Guo et al., 2013), or maternal blood (Lederman et al., 2008; Ding et al., 2013),
in adjusted models.
For head circumference, no significant differences were found between prenatal
low-level MeHg exposure and neonatal head circumference (Lederman et al., 2008;
Drouillet-Pinard et al., 2010; Gundacker et al., 2010; Ding et al., 2013; Guo et al.,
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2013; Wells et al., 2016). Likewise, we did not observe any significant relationships
for head circumference z score in the Daxin cohort.
Ponderal index is one of the anthropometric methods used to evaluate proportionate fetal growth. Several studies have shown that obesity later in life was positively
associated with ponderal index (Eriksson et al., 2001; Loaiza et al., 2011; LaustenThomsen et al., 2013). Recently, a few studies reported that prenatal exposure to
some toxins was associated with ponderal index, but the reported trends were different. For example, ponderal index was observed to be positively related with cord
serum manganese levels in a Chinese study (X. Yu et al., 2013), and maternal urinary
bisphenol A concentrations in a Korean study (B.-E. Lee et al., 2014). In contrast,
ponderal index was also found to be negatively associated with cord serum concentrations of perfluorooctane sulfonate and perfluorooctanoate in a Baltimore study
(Apelberg et al., 2007), and maternal hair nicotine levels in a Spanish study (Pichini
et al., 2003). In this study, we observed weakly inverse linear relationships between
maternal blood THg and ponderal index in both unadjusted and adjusted analyses.
Our findings were consistent with a study in Baltimore, which observed an inverse
association of cord blood MeHg and ponderal index in adjusted models (Wells et al.,
2016).
Additionally, a few studies have reported that some protective factors related to
fetal growth and development, such as fish/shellfish consumption, may potentially
conceal the adverse influences of prenatal MeHg exposure (Ramón et al., 2010; Wells
et al., 2016). Fish/shellfish is a source of MeHg as well as nutrients, such as n-3 HUFAs, which can benefit fetal growth and development (U.S. Environmental Protection
Agency, 2014). In a Spanish study, Ramón et al. (2010) found that the negative association between cord blood THg and birth weight was strengthened after adjusting for
maternal fish/shellfish intake. Likewise, in a Baltimore study, a negative association
between cord blood MeHg and ponderal index was strengthened after additionally
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adjusting for cord serum n-3 HUFAs (Wells et al., 2016). However, in this study,
all associations between maternal Hg biomarker and birth outcome measures did not
change after adjusting for fish/shellfish intake.
Se is a potential protective factor against MeHg exposure (A. L. Choi et al., 2008;
Wells et al., 2016). However, in the Daxin cohort, the strength of the relationships
between Hg biomarkers and outcome measures were not affected by the inclusion of
serum Se, similar to a Baltimore study (Wells et al., 2016). Also, we did not observe
significant positive associations between serum Se and any outcome measures.

3.5

Conclusions

Despite the differences in the dietary source for MeHg in this study compared to
other cohorts (rice versus fish/shellfish), our results were similar to the previous
findings. In summary, we observed weakly inverse associations between low-level
prenatal MeHg exposure through rice ingestion and neonatal outcome (birth weight,
birth length, head circumference, and ponderal index) in this cohort. Our findings
have important implications about the influence of prenatal MeHg exposure on fetal
growth in mothers who consume rice as a staple food. These findings should be
verified in other rice-eating populations.
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Table 3.1: Quality assurance / quality control for mercury and selenium measurement.

Relative percent difference (n)
Matrix spikes (250 pg) % Recovery (n)
IAEA 086 Human Hair: % Recovery (n)
NRC-TORT2 Lobster % Recovery (n)
NIST 1515 Apple Leaves % Recovery (n)
Seronorm Trace Elements
Blood: % Recovery (n)
Contox Heavy Metal Blood: %
Recovery (n)
Contox Heavy Metal Serum: %
Recovery (n)

Hair THg
5.5 ± 4.1 (369)
NA

Hair MeHg
8.4 ± 5.9 (75)
98 ± 25 (69)

Blood THg
< 20 (397)
NA

Serum Se
< 20 (367)
NA

87 ± 6.7 (52)

78 ± 14 (52)

NA

NA

NA

95 ± 13 (45)

NA

NA

89 ± 5.7 (51)

NA

NA

NA

NA

NA

85-115 (20)

NA

NA

NA

85-115 (20)

NA

NA

NA

NA

85-115 (20)

THg (total mercury), MeHg (methylmercury), Se (selenium), NA (not available)
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Table 3.2: Summary of maternal and neonatal characteristics (n=398).
N (%) or mean ± SD (range)
Maternal characteristics
Maternal age (years)
Primipara
No
Yes
Missing
Pre-pregnancy BMIa
Underweight
Normal
Overweight
Obese
Missing
Gestational weight gain (kg)
Missing
Mother’s education
< High School
High School
University
Missing
Mother’s occupation
Farmer
Workerb
Unemployed
Other
Missing
Monthly household income (RMB)c
< 2000
≥ 2000 − 5000
≥ 5000
Missing
Rice consumption (g/day)
Fish/shellfish consumption
Rarely or never
< Twice/week
≥ Twice/week
Smoking during pregnancy
No
Yes
Missing
Secondhand smoke during pregnancy
No
Yes
Missing
Alcohol consumption during pregnancy
No
Yes
Missing
Neonatal characteristics
Offspring gender
Female
Male
Delivery method
Cesarean
Vaginal
Gestational age (weeks)
Birth weight (g)
< 2500
≥ 2500
Birth length (cm)
Head circumference (cm)

28 ± 5.7 (17, 45)
189 (47)
193 (48)
16 (4.0)
94 (24)
233 (59)
61 (15)
9 (2.3)
1 (0.25)
12 ± 5.1 (-1.5, 40)
1 (0.25)
321 (81)
49 (12)
18 (4.5)
10 (2.5)
302 (76)
32 (8.0)
44 (11)
13 (3.3)
7 (1.8)
233 (59)
110 (28)
20 (5.0)
35 (8.8)
230 ± 120 (0, 650)
172 (43)
181 (45)
45 (11)
384 (96)
5 (1.3)
9 (2.3)
182 (46)
213 (54)
3 (0.75)
386 (97)
4 (1.0)
9 (2.4)

197 (50)
201 (51)
108 (27)
290 (73)
39 ± 1.2 (35, 42)
3100 ± 400 (1700, 5000)
14 (3.5)
384 (96)
51 ± 2.4 (40, 69)
32 ± 1.3 (27, 37)
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Birth weight z score
Birth length z score
Head circumference z score
Ponderal index (g/cm3 × 100)

−0.21 ± 0.88 (-3.0, 3.5)
0.99 ± 1.1 (-3.6, 6.6)
−1.1 ± 1.0 (-1.1, 2.4)
2.4 ± 0.25 (0.83, 3.5)

Maternal Biomarkers
Hair THg (µg/g)
Hair MeHg (µg/g)
Blood THg (µg/L)
Serum Se (µg/L)

0.48 ± 0.26 (0.077, 1.7)
0.32 ± 0.20 (0.011, 1.4)
1.5 ± 1.0 (0.29, 8.6)
150 ± 44 (66, 540)

BMI (body mass index), RMB (renminbi), THg (total mercury), MeHg (methylmercury), Se (selenium)
a BMI for Asian populations: underweight (BMI < 27.5kg/m2 ), normal (18.5kg/m2 ≤ BMI < 27.5kg/m2 ),
overweight (23kg/m2 ≤ BMI < 27.5kg/m2 ), and obese (BMI ≥ 27.5kg/m2 ) (WHO, 2004)
b Workers include: civil servant, white-collar worker, skilled worker, unskilled worker, and shopkeeper
c 2000 RMB = US$327; 5000 RMB = US$818
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Table 3.3: Comparisons of gestational weight gain of the Daxin cohort with the 2009
Institute of Medicine (IOM) guidelines.
Prepregnancy
weight category

Prepregnancy
BMI (kg/m2 )

n (%)

Underweight
Normal
Overweight
Obese

< 18.5
18.5 − 24.9
25 − 29.9
≥ 30

94 (24)
270 (68)
29 (7.3)
4 (1.0)

Range
of
total
weight gain
of
Daxin
cohort (kg)
2 − 22
0 − 24.5
−1.5 − 20
6 − 40

BMI (body mass index)
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Recommend
range
of
total weight
gain (kg)

Below the
recommended
range, n

Above the
recommended
range, n

12.7 − 18.0
11.3 − 15.9
6.8 − 11.3
5.0 − 9.1

55
145
9
0

14
56
11
2

Table 3.4: Summary of sample size of mother’s education and delivery method and the
distributions of delivery method regarding mother’s education classification (n=388).

Mother’s education

< High School (%)
High School (%)
University (%)
Total

82

Delivery method
Cesarean
Vaginal
79 (25)
242 (75)
17 (35)
32 (65)
8 (44)
10 (56)
104
284

Total
321
49
18
388

Table 3.5: Summary of associations between mercury biomarkers and outcome measures in unadjusted and adjusted linear
regression models (n=383).
Z score for birth weight
Beta (95% CI)
adj R2
log10
hair
THg (µg/g)
Unadjusted
Adjusteda

log10
hair
MeHg (µg/g)
Unadjusted

83

Adjusteda

log10
blood
THg (µg/L)
Unadjusted
Adjusteda

-0.45
(−0.82, −0.076)∗
-0.41
(−0.78, −0.032)∗

AIC

0.012

1026

0.073

978

-0.34
0.0094
(−0.65, −0.034)∗
-0.31
0.071
(−0.63, 0.0013)∗

-0.38
0.0080
(−0.75, −0.015)∗
-0.36
0.070
(−0.73, 0.010)#

1028
979

1027
980

Z score for birth length
Beta (95% CI)
adj R2

-0.31
(−0.78, 0.16)
-0.23
(−0.72, 0.25)

-0.28
(−0.67, 0.11)
-0.20
(−0.60, 0.21)

-0.043
(−0.50, 0.42)
0.035
(−0.44, 0.51)

AIC

0.0017

1211

0.022

1174

0.0025

1210

0.022

1174

-0.0024

1210

0.020

1175

Z score for head circumference
Beta (95% CI)
adj R2
AIC

Ponderal index (g/cm3 × 100)
Beta (95% CI)
adj R2
AIC

-0.29
(−0.73, 0.14)
-0.28
(−0.72, 0.15)

-0.082
(−0.19, 0.025)
-0.081
(−0.19, 0.031)b
-0.071
(−0.17, 0.030)c

0.0032

45

0.0079

31

0.011

-31

-0.049
(−0.14, 0.039)
-0.058
(−0.15, 0.036)b
-0.050
(−0.13, 0.034)c

0.0005

46

0.0064

32

0.010

-31

-0.12
(−0.23, −0.019)∗
-0.13
(−0.24, −0.017)b*
-0.13
(−0.22, −0.025)c*

0.011

42

0.016

31

0.022

-36

-0.22
(−0.58, 0.14)
-0.24
(−0.60, 0.13)

-0.17
(−0.60, 0.26)
-0.28
(−0.71, 0.15)

0.0018

1157

0.093

1095

0.0010

1157

0.093

1095

-0.0011

1155

0.093

1095

THg (total mercury), MeHg (methylmercury), AIC (Akaike information criterion)
a Multivariable model adjusted for maternal age, pre-pregnancy BMI (underweight, normal, overweight, obese), gestational weight gain, maternal education (< high school,
high school, university), log10 rice ingestion, fish/shellfish consumption (rarely or never, < twice/week, ≥ twice/week), and log10 serum Se. For head circumference z score,
adjusted model additionally includes delivery method (cesarean, vaginal). For ponderal index, adjusted model additionally includes offspring gender and gestational age.
b n=383, for all participants.
c n=381, after excluding two observations.
*: p - value < 0.05; # : p - value < 0.10.

Table 3.6: Summary of results of adjusted models for ponderal index after excluding two potential outliers (n=381).

log10
hair THg
(µg/g)
log10 hair MeHg
(µg/g)
log10 blood THg
(µg/L)
Offspring gender
Female
Male
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Gestational
age
(weeks)
Maternal
age
(years)
Pre-pregnancy BMI
Underweight
Normal Weight
Overweight
Obese
Gestational weight
gain (kg)
Maternal education
<High School
High School
University
log10 rice ingestion
(g/day)
Fish/shellfish ingestion
Rarely or never
< Twice/week
≥ Twice/week

Ponderal index (g/cm3 × 100)
Beta (95% CI)
p-value
adj R2
-0.071
0.17
0.011
(−0.17, 0.030)

Ponderal index (g/cm3 × 100)
Beta (95% CI)
p-value
adj R2

-0.050
(−0.13, 0.034)

0.24

Ponderal index (g/cm3 × 100)
Beta (95% CI)
p-value
adj R2

0.010
-0.13
(−0.22, −0.025)

Referent
-0.0020
(−0.053, 0.049)
0.018
(−0.0037, 0.040)
0.0029
(−0.0016, 0.0074)
Referent
0.028
(−0.035, 0.091)
0.071
(−0.016, 0.16)
0.13
(−0.047, 0.30)
0.0045
(−0.00076, 0.0098)
Referent
-0.025
(−0.10, 0.054)
-0.050
(−0.18, 0.075)
0.032
(−0.031, 0.095)

Referent
0.026
(−0.029, 0.081)
0.011
(−0.075, 0.096)

0.93
0.10
0.20

0.39
0.11
0.15
0.09

0.53
0.43
0.32

0.35
0.81

Referent
-0.0024
(−0.054, 0.049)
0.019
(−0.0033, 0.041)
0.0029
(−0.0016, 0.0074)
Referent
0.028
(−0.035, 0.092)
0.075
(−0.012, 0.16)
0.13
(−0.047, 0.31)
0.0046
(−0.00068, 0.0099)
Referent
-0.027
(−0.11, 0.052)
-0.051
(−0.18, 0.074)
0.031
(−0.032, 0.094)

Referent
0.025
(−0.030, 0.081)
0.0091
(−0.077, 0.095)

0.92
0.10
0.21

0.38
0.09
0.15
0.09

0.51
0.42
0.33

0.37
0.84

Referent
-0.0027
(−0.054, 0.048)
0.016
(−0.0058, 0.038)
0.0032
(−0.0013, 0.0077)
Referent
0.027
(−0.040, 0.085)
0.069
(−0.030, 0.14)
0.13
(−0.041, 0.31)
0.0047
(−0.00059, 0.0099)
Referent
-0.025
(−0.094, 0.062)
-0.055
(−0.17, 0.082)
0.033
(−0.028, 0.096)

Referent
0.024
(−0.031, 0.079)
0.012
(−0.073, 0.098)

0.01

0.92
0.15
0.16

0.41
0.12
0.13
0.08

0.53
0.39
0.29

0.39
0.78

0.022

log10
serum
(µg/L)

Se

-0.0044
(−0.22, 0.21)

0.97

-0.0030
(−0.22, 0.22)

THg (total mercury), MeHg (methylmercury), BMI (body mass index), Se (selenium)

0.98

0.0099
(−0.21, 0.23)

0.93
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Table 3.7: Adjusted models for the associations between log10 hair total mercury and neonatal outcome measures (n=383).

log10
hair
THg (µg/g)
Offspring
gender
Female
Male
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Gestational
age (weeks)
Maternal
age (years)
Prepregnancy
BMI
Underweight
Normal
Weight
Overweight
Obese
Gestational
weight gain
(kg)
Maternal
education
<
High
School
High School
University
Delivery
method
Cesarean
Vaginal

Z score for birth weight
Beta (95% CI)
p-value
-0.41
0.03
(−0.78, −0.032)

-0.0046
(−0.020, 0.010)

Referent
0.15
(−0.062, 0.36)
0.39
(0.100.68)
0.52
(−0.069, 1.1)
0.039
(0.022, 0.057)

0.55

0.17
0.01
0.08
< 0.01

Referent
0.13
(−0.13, 0.40)
0.11
(−0.31, 0.53)

adj R2
0.073

Z score for birth length
Beta (95% CI)
p-value
-0.23
0.35
(−0.72, 0.25)

-0.018
(−0.038, 0.0014)

Referent
0.071
(−0.20, 0.34)
0.21
(−0.17, 0.58)
0.15
(−0.61, 0.91)
0.032
(0.0088, 0.054)

0.07

0.61
0.28
0.69
0.01

Referent
0.32
0.61

0.25
(−0.094, 0.59)
0.38
(−0.16, 0.91)

adj R2
0.022

Z score for head circumference
Beta (95% CI)
p-value
adj R2
-0.28
0.20
0.093
(−0.72, 0.15)

Ponderal index (g/cm3 × 100)
Beta (95% CI)
p-value
adj R2
-0.081
0.16
0.0079
(−0.19, 0.031)

0.0067
(−0.011, 0.024)

Referent
-0.0020
(−0.053, 0.049)
0.018
(−0.0037, 0.040)
0.0029
(−0.0016, 0.0074)

Referent
0.16
(−0.085, 0.41)
0.40
(0.059, 0.74)
0.25
(−0.44, 0.93)
0.041
(0.020, 0.061)

0.46

0.20
0.02
0.48
< 0.01

Referent
0.16
0.17

0.27
(−0.041, 0.58)
0.052
(−0.44, 0.54)

Referent
-0.46
(−0.70, −0.24)

Referent
0.028
(−0.035, 0.091)
0.071
(−0.016, 0.16)
0.13
(−0.047, 0.30)
0.0045
(−0.00076, 0.0098)

0.94
0.10
0.20

0.39
0.11
0.15
0.09

Referent
0.09
0.83

< 0.01

-0.025
(−0.10, 0.054)
-0.050
(−0.18, 0.075)

0.53
0.43

log10
rice
ingestion
(g/day)
Fish/shellfish
ingestion
Rarely
or
never
<
Twice/week
≥
Twice/week
log10 serum
Se (µg/L)

0.19
(−0.021, 0.40)

0.08

Referent
0.15
(−0.051, 0.33)
0.041
(−0.21, 0.38)
0.26
(−0.47, 1.0)

0.095
(−0.18, 0.37)

0.49

Referent
0.12
0.78
0.48

0.058
(−0.18, 0.30)
-0.029
(−0.40, 0.34)
0.45
(−0.49, 1.4)

THg (total mercury), BMI (body mass index), Se (selenium)

0.17
(−0.078, 0.42)

0.18

Referent
0.63
0.88
0.35

0.10
(−0.11, 0.32)
-0.068
(−0.40, 0.27)
0.42
(−0.43, 1.3)

0.032
(−0.031, 0.095)

0.32

Referent
0.34
0.69
0.33

0.026
(−0.029, 0.081)
0.011
(−0.075, 0.096)
-0.0044
(−0.22, 0.21)

0.35
0.81
0.97
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Table 3.8: Adjusted models for the associations between log10 hair methylmercury and neonatal outcome measures (n=383).

log10
hair
MeHg
(
µg/g)
Offspring
gender
Female
Male
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Gestational
age (weeks)
Maternal
age (years)
Maternal
Prepregnancy
BMI
Underweight
Normal
Weight
Overweight
Obese
Gestational
weight gain
(kg)
Maternal
education
<High
School
High School
University
Delivery
method
Cesarean
Vaginal

Z score for birth weight
Beta (95% CI)
p-value
-0.31
0.05
(−0.63, 0.0013)

-0.0048
(−0.020, 0.010)

Referent
0.15
(−0.058, 0.36)
0.41
(0.12, 0.70)
0.52
(−0.071, 1.1)
0.040
(0.022, 0.057)

0.53

0.16
0.01
0.08
< 0.01

Referent
0.13
(−0.14, 0.39)
0.10
(−0.31, 0.52)

adj R2
0.071

Z score for birth length
Beta (95% CI)
p-value
-0.20
0.34
(−0.60, 0.21)

-0.018
(−0.038, 0.0013)

Referent
0.073
(−0.20, 0.35)
0.22
(−0.16, 0.59)
0.15
(−0.61, 0.91)
0.032
(0.0091, 0.055)

0.07

0.60
0.25
0.70
0.01

Referent
0.35
0.63

0.24
(−0.10, 0.58)
0.37
(−0.17, 0.91)

adj R2
0.022

Z score for head circumference
Beta (95% CI)
p-value
adj R2
-0.24
0.20
0.093
(−0.60, 0.13)

Ponderal index (g/cm3 × 100)
Beta (95% CI)
p-value
adj R2
-0.058
0.23
0.0064
(−0.15, 0.036)

0.0066
(−0.011, 0.024)

Referent
-0.0024
(−0.054, 0.049)
0.019
(−0.0033, 0.041)
0.0029
(−0.0016, 0.0074)

Referent
0.16
(−0.082, 0.41)
0.41
(0.073, 0.75)
0.24
(−0.44, 0.93)
0.041
(0.021, 0.062)

0.46

0.19
0.02
0.49
< 0.01

Referent
0.17
0.17

0.26
(−0.047, 0.57)
0.049
(−0.44, 0.54)

Referent
-0.46
(−0.69, −0.24)

Referent
0.028
(−0.035, 0.092)
0.075
(−0.012, 0.16)
0.13
(−0.047, 0.31)
0.0046
(−0.00068, 0.0099)

0.92
0.10
0.21

0.38
0.09
0.15
0.09

Referent
0.10
0.84

< 0.01

-0.027
(−0.11, 0.052)
-0.051
(−0.18, 0.074)

0.51
0.42

log10
rice
ingestion
(g/day)
Fish
/
shellfish
ingestion
Rarely
or
never
<
Twice/week
≥
Twice/week
log10 serum
Se ( µg/L)

0.19
(0.025, 0.40)

0.08

Referent
0.14
(−0.042, 0.33)
0.034
(−0.25, 0.32)
0.28
(−0.46, 1.0)

0.095
(−0.18, 0.37)

0.49

Referent
0.13
0.82
0.46

0.056
(−0.18, 0.30)
-0.032
(−0.40, 0.34)
0.47
(−0.48, 1.4)

MeHg (methylmercury), BMI (body mass index), Se (selenium)

0.17
(−0.078, 0.41)

0.18

Referent
0.65
0.86
0.36

0.10
(−0.11, 0.32)
-0.073
(−0.41, 0.26)
0.44
(−0.42, 1.3)

0.031
(−0.032, 0.094)

0.33

Referent
0.36
0.67
0.32

0.025
(−0.030, 0.081)
0.0091
(−0.077, 0.095)
-0.0030
(−0.22, 0.22)

0.37
0.84
0.98
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Table 3.9: Adjusted models for the associations between log10 blood total mercury and neonatal outcome measures (n=383).

log10 blood
THg
(
µg/L)
Offspring
gender
Female
Male
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Gestational
age (weeks)
Maternal
age (years)
Prepregnancy
BMI
Underweight
Normal
Weight
Overweight
Obese
Gestational
weight gain
(kg)
Maternal
education
<
High
School
High School
University
Delivery
method
Cesarean
Vaginal

Z score for birth weight
Beta (95% CI)
p-value
-0.36
0.06*
(−0.73, 0.010)

-0.0042
(−0.019, 0.011)

Referent
0.15
(−0.065, 0.36)
0.40
(0.10, 0.69)
0.56
(−0.030, 1.1)
0.040
(0.022, 0.057)

0.59

0.17
0.01*
0.06
< 0.01*

Referent
0.14
(−0.13, 0.40)
0.092
(−0.33, 0.51)

adj R2
0.070

Z score for birth length
Beta (95% CI)
p-value
0.035
0.88
(−0.44, 0.51)

-0.019
(−0.038, 0.00077)

Referent
0.075
(−0.20, 0.35)
0.23
(−0.15, 0.61)
0.19
(−0.56, 0.95)
0.032
(0.0089, 0.054)

0.06

0.59
0.23
0.61
0.01*

Referent
0.31
0.67

0.25
(−0.092, 0.59)
0.37
(−0.17, 0.91)

adj R2
0.020

Z score for head circumference
Beta (95% CI)
p-value
adj R2
-0.28
0.20
0.093
(−0.71, 0.15)

Ponderal index (g/cm3 × 100)
Beta (95% CI)
p-value
adj R2
-0.13
0.02*
0.016
(−0.24, −0.017)

0.0070
(−0.011, 0.025)

Referent
-0.0027
(−0.054, 0.048)
0.016
(−0.0058, 0.038)
0.0032
(−0.0013, 0.0077)

Referent
0.16
(−0.088, 0.40)
0.40
(0.059, 0.74)
0.27
(−0.41, 0.95)
0.041
(0.020, 0.061)

0.44

0.21
0.02*
0.44
< 0.01*

Referent
0.15
0.17

0.27
(−0.041, 0.58)
0.037
(−0.45, 0.52)

Referent
-0.48
(−0.71, −0.25)

Referent
0.027
(−0.040, 0.085)
0.069
(−0.030, 0.14)
0.13
(−0.041, 0.31)
0.0047
(−0.00059, 0.0099)

0.92
0.15
0.16

0.41
0.12
0.13
0.08

Referent
0.09
0.88

< 0.01*

-0.025
(−0.094, 0.062)
-0.055
(−0.17, 0.082)

0.53
0.39

log10
rice
ingestion
(g/day)
Fish/shellfish
ingestion
Rarely
or
never
<
Twice/week
≥
Twice/week
log10 serum
Se ( µg/L)

0.18
(−0.029, 0.39)

0.09

Referent
0.14
(−0.046, 0.33)
0.038
(−0.25, 0.33)
0.27
(−0.46, 1.0)

0.077
(−0.19, 0.35)

0.58

Referent
0.14
0.80
0.50

0.054
(−0.19, 0.29)
-0.039
(−0.41, 0.33)
0.41
(−0.54, 1.4)

THg (total mercury), BMI (body mass index), Se (selenium)

0.17
(−0.080, 0.41)

0.19

Referent
0.66
0.84
0.40

0.098
(−0.12, 0.31)
-0.070
(−0.41, 0.26)
0.43
(−0.43, 1.3)

0.033
(−0.028, 0.096)

0.29

Referent
0.37
0.68
0.32

0.024
(−0.031, 0.079)
0.012
(−0.073, 0.098)
0.0099
(−0.21, 0.23)

0.39
0.78
0.93
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Figure 3.1: Histograms of (a) gestational age, (b) gestational weight gain, (c) prepregnancy body mass index (BMI), and (d) log10 pre-pregnancy BMI.
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Figure 3.2: Histograms of (a) rice ingestion, (b) log10 rice ingestion, (c) serum selenium (Se), and (4) log10 serum Se.
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Figure 3.3: Distributions of (a) primipara, (b) fish/shellfish consumption, (c) delivery
method, and (d) offspring gender.
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Figure 3.4: Histograms of (a) birth weight, (b) birth weight z score, (c) birth length,
and (d) birth length z score.
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Figure 3.5: Histograms of (a) head circumference, (b) head circumference z score,
and (c) ponderal index.

96

Figure 3.6: Bivariate analyses of maternal age versus mercury biomarkers. Spearman’s correlation test of maternal age versus (a) hair total mercury (THg)
(rho=0.048, p=0.34), (b) hair methylmercury (MeHg) (rho=0.05, p=0.32), (c) blood
THg (rho=0.087, p=0.08), and Pearson’s correlation test of maternal age versus (d)
log10 hair THg (rho=0.068, p=0.18), (e) log10 hair MeHg (rho=0.071, p=0.16), and
(f) log10 blood THg (rho=0.099, p=0.06) (n=397-398 for all).
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Figure 3.7: Bivariate analyses of pre-pregnancy body mass index (BMI) versus birth
outcomes. Spearman’s correlation test of pre-pregnancy BMI versus (a) birth weight
(rho = 0.21, p < 0.01), (b) birth length (rho = 0.12, p = 0.02), (c) head circumference
(rho = 0.20, p < 0.01), and (d) ponderal index (rho = 0.14, p < 0.01) (Spearman’s
correlation test for all, n=397 for all).
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Figure 3.8: Bivariate analyses of log10 pre-pregnancy body mass index (BMI) versus birth outcomes (birth weight, birth length, head circumference, ponderal index).
Pearson’s correlation test of log10 pre-pregnancy BMI versus (a) birth weight (rho =
0.19, p < 0.001), (b) birth length (rho = 0.073, p = 0.05), (c) head circumference
(rho = 0.17, p < 0.001), and (d) ponderal index (rho = 0.12, p = 0.01) (Pearson’s
correlation test for all, n=397 for all).
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Figure 3.9: Bivariate analyses of pre-pregnancy body mass index (BMI) versus mercury biomarkers. Spearman’s correlation test of pre-pregnancy BMI versus (a) hair
total mercury (THg) (rho = -0.11, p = 0.03), (b) hair methylmercury (MeHg) (rho
= -0.05, p = 0.28), (c) blood THg (rho = -0.08, p = 0.09), and Pearson’s correlation
test of log10 pre-pregnancy BMI versus (a) log10 hair THg (rho = -0.12, p = 0.02),
(b) log10 hair MeHg (rho = -0.07, p =0.18), (c) log10 blood THg (rho = -0.07, p =
0.15) (n=396-397 for all).
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Figure 3.10: Bivariate analyses of gestational weight gain versus pre-pregnancy body
mass index (BMI). (a) Gestational weight gain versus pre-pregnancy BMI (Spearman’s rho = -0.23, p < 0.0001) and (b) gestational weight gain versus log10 prepregnancy BMI (Pearson’s rho = -0.14, p = 0.004) (n=397 for all).
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Figure 3.11: Bivariate analyses of fish/shellfish ingestion versus maternal characteristics (education, occupation, household income). Fish/shellfish ingestion versus (a)
mother’s education (Kruskal-Wallis test, p < 0.01, n = 388), (b) mother’s occupation (Kruskal-Wallis test, p < 0.01, n = 391), and (c) monthly household income
(Wilcoxon-Mann-Whitney test, p = 0.03, n=363).
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Figure 3.12: Bivariate analyses of serum selenium (Se) versus mercury biomarkers.
Spearman’s correlation test of serum Se versus (a) hair total mercury (THg) (rho =
0.06, p = 0.20), (b) hair methylmercury (MeHg) (rho = 0.09, p = 0.09), (c) blood
THg (rho = 0.10, p = 0.04), and Pearson’s correlation test of log10 serum Se versus
(a) log10 hair THg (rho = 0.10, p = 0.08), (b) log10 hair MeHg (rho = 0.12, p =0.06),
(c) log10 blood THg (rho = 0.14, p = 0.05) (n=396 for all).
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Figure 3.13: Bivariate analyses of hair total mercury (THg) versus birth outcomes
(birth weight z score, birth length z score, head circumference z score, ponderal index).
Spearman’s correlation test of hair THg versus (a) birth weight z score (rho = -0.11,
p = 0.04), (b) birth length z score (rho = -0.07, p = 0.19), (c) head circumference z
score (rho = -0.07, p = 0.15), and (d) ponderal index (rho = -0.07, p = 0.15) (n=398
for all).
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Figure 3.14: Bivariate analyses of log10 hair total mercury (THg) versus birth outcomes (birth weight z score, birth length z score, head circumference z score, ponderal
index). Pearson’s correlation test of log10 hair THg versus (a) birth weight z score
(rho = -0.12, p = 0.02), (b) birth length z score (rho = -0.07, p = 0.19), (c) head
circumference z score (rho = -0.07, p = 0.19), and (d) ponderal index (rho = -0.08,
p = 0.13) (n=398 for all).
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Figure 3.15: Bivariate analyses of hair methylmercury (MeHg) versus birth outcomes
(birth weight z score, birth length z score, head circumference z score, ponderal index).
Spearman’s correlation test of hair MeHg versus (a) birth weight z score (rho = -0.10,
p = 0.05), (b) birth length z score (rho = -0.07, p = 0.16), (c) head circumference z
score (rho = -0.07, p = 0.19), and (d) ponderal index (rho = -0.07, p=0.19) (n=398
for all).
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Figure 3.16: Bivariate analyses of log10 hair methylmercury (MeHg) versus birth
outcomes (birth weight z score, birth length z score, head circumference z score,
ponderal index). Pearson’s correlation test of log10 hair MeHg versus (a) birth weight
z score (rho = -0.11, p = 0.03), (b) birth length z score (rho = -0.07, p = 0.16), (c)
head circumference z score (rho = -0.06, p = 0.24), and (d) ponderal index (rho =
-0.06, p=0.27) (n=398 for all).
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Figure 3.17: Bivariate analyses of blood total mercury (THg) versus birth outcomes
(birth weight z score, birth length z score, head circumference z score, ponderal index).
Spearman’s correlation test of blood THg versus (a) birth weight z score (rho = -0.10,
p = 0.05), (b) birth length z score (rho = 0.0014, p=0.98), (c) head circumference z
score (rho = -0.03, p=0.54), and (d) ponderal index (rho = -0.11, p = 0.03) (n=397
for all).
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Figure 3.18: Bivariate analyses of log10 blood total mercury (THg) versus birth outcomes (birth weight z score, birth length z score, head circumference z score, ponderal
index). Pearson’s correlation test of log10 blood THg versus (a) birth weight z score
(rho = -0.10, p = 0.04), (b) birth length z score (rho = 0.0092, p=0.85), (c) head
circumference z score (rho = -0.04, p=0.45), and (d) ponderal index (rho = -0.12, p
= 0.02) (n=397 for all).
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Figure 3.19: Betas and 95% confidence intervals (CIs) for birth weight z score related
to log10 hair total mercury (THg), log10 hair methylmercury (MeHg), and log10 blood
THg in unadjusted and adjusted models.
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Figure 3.20: Betas and 95% confidence intervals (CIs) for birth length z score related
to log10 hair total mercury (THg), log10 hair methylmercury (MeHg), and log10 blood
THg in unadjusted and adjusted models.
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Figure 3.21: Betas and 95% confidence intervals (CIs) for head circumference z score
related to log10 hair total mercury (THg), log10 hair methylmercury (MeHg), and
log10 blood THg in unadjusted and adjusted models.
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Figure 3.22: Betas and 95% confidence intervals (CIs) for ponderal index related to
log10 hair total mercury (THg), log10 hair methylmercury (MeHg), and log10 blood
THg in unadjusted and adjusted models (with and without two outliers).
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Figure 3.23: Residuals versus fitted values plots of multiple linear regression models.
(a) and (d) for ponderal index versus log10 hair total mercury (THg), (b) and (e) for
ponderal index versus log10 methylmercury (MeHg), (c) and (f) for ponderal index
versus log10 blood THg. (a)-(c) for all participant, and (d)-(f) for participants without
two disconnected observations.
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Figure 3.24: Bivariate analyses of maternal gestational weight gain versus birth outcomes (birth weight z score, birth length z score, head circumference z score, ponderal
index). Pearson’s correlation test of gestational weight gain versus (a) birth weight z
score (rho = 0.22, p < 0.0001), (b) birth length z score (rho = 0.17, p < 0.001), (c)
head circumference z score (rho = 0.19, p < 0.001), (d) ponderal index (rho = 0.06,
p = 0.20) (n=397 for all).

115

Figure 3.25: Bivariate analyses of gestational age versus birth outcomes (birth weight
z score, birth length z score, head circumference z score, ponderal index). Pearson’s
correlation test of gestational age versus (a) birth weight z score (rho = -0.05, p =
0.33), (b) birth length z score (rho = -0.03, p = 0.59), (c) head circumference z score
(rho = -0.14, p = 0.004), (d) ponderal index (rho = 0.10, p = 0.04) (n=398 for all).
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Figure 3.26: Bivariate analyses of mother’s education versus birth outcomes (birth
weight z score, birth length z score, head circumference z score, ponderal index).
One-way ANOVA test of mother’s education versus (a) birth weight z score (p =
0.08), (b) birth length z score (p = 0.04), (c) head circumference z score (p = 0.02),
(d) ponderal index (p = 0.90) (n=388 for all).
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Figure 3.27: Bivariate analyses of delivery method versus birth outcomes (birth
weight z score, birth length z score, head circumference z score, ponderal index).
Student’s t-test of delivery method versus (a) birth weight z score (p = 0.17), (b)
birth length z score (p = 0.59), (c) head circumference z score (p < 0.01), (d) ponderal
index (p = 0.70) (n=398 for all).
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Figure 3.28: Bivariate analyses of maternal age versus birth outcomes (birth weight
z score, birth length z score, head circumference z score, ponderal index). Pearson’s
correlation test of maternal age versus (a) birth weight z score (rho = -0.05, p =
0.35), (b) birth length z score (rho = -0.11, p = 0.13), (c) head circumference z score
(rho = 0.06, p=0.27), and (d) ponderal index (rho = 0.06, p = 0.22) (n=398 for all).
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Figure 3.29: Bivariate analyses of maternal pre-pregnancy body mass index (BMI)
versus birth outcomes (birth weight z score, birth length z score, head circumference z
score, ponderal index). One-way ANOVA test of pre-pregnancy BMI versus (a) birth
weight z score (p = 0.11), (b) birth length z score (p = 0.97), (c) head circumference
z score (p = 0.28), (d) ponderal index (p = 0.10) (n=397 for all).
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Figure 3.30: Bivariate analyses of offspring gender versus birth outcomes (birth weight
z score, birth length z score, head circumference z score, ponderal index). Student’s
t-test of offspring gender versus (a) birth weight z score (p = 0.30), (b) birth length
z score (p = 0.66), (c) head circumference z score (p = 0.65), (d) ponderal index (p
= 0.60) (n=398 for all).
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Figure 3.31: Bivariate analyses of rice ingestion versus birth outcomes (birth weight z
score, birth length z score, head circumference z score, ponderal index). Spearman’s
correlation test of rice ingestion versus (a) birth weight z score (rho = 0.06, p = 0.20),
(b) birth length z score (rho = 0.03, p = 0.55), (c) head circumference z score (rho
= 0.01, p = 0.82), (d) ponderal index (rho = 0.04, p = 0.41) (n=398 for all).
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Figure 3.32: Bivariate analyses of log10 rice ingestion versus birth outcomes (birth
weight z score, birth length z score, head circumference z score, ponderal index).
Pearson’s correlation test of log10 rice ingestion versus (a) birth weight z score (rho =
0.06, p = 0.23), (b) birth length z score (rho = 0.03, p = 0.61), (c) head circumference
z score (rho = 0.01, p = 0.84), (d) ponderal index (rho = 0.03, p = 0.52) (n=398 for
all).
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Figure 3.33: Bivariate analyses of fish/shellfish consumption versus birth outcomes
(birth weight z score, birth length z score, head circumference z score, ponderal index).
Oneway ANOVA test of fish/shellfish consumption versus (a) birth weight z score (p
= 0.15), (b) birth length z score (p = 0.52), (c) head circumference z score (p = 0.48),
and (d) ponderal index (p = 0.82) (n=398 for all).
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Figure 3.34: Bivariate analyses of serum selenium (Se) versus birth outcomes (birth
weight z score, birth length z score, head circumference z score, ponderal index).
Spearman’s correlation test of serum Se versus (a) birth weight z score (rho = -0.03,
p = 0.60), (b) birth length z score (rho = 0.06, p = 0.28), (c) head circumference z
score (rho = 0.04, p = 0.47), and (d) ponderal index (rho = -0.03, p = 0.59) (n=396
for all).
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Figure 3.35: Bivariate analyses of log10 serum selenium (Se) versus birth outcomes
(birth weight z score, birth length z score, head circumference z score, ponderal
index). Pearson’s correlation test of log10 serum Se versus (a) birth weight z score
(rho = -0.00001, p = 1.0), (b) birth length z score (rho = 0.02, p = 0.74), (c) head
circumference z score (rho = 0.03, p = 0.50), and (d) ponderal index (rho = -0.0053,
p = 0.92) (n=396 for all).
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Chapter 4
Summary and Conclusions
4.1

Summary

Hg is a toxic heavy metal and a global pollutant (National Research Council, 2000).
MeHg is one of the most toxic forms of Hg, which biomagnifies along the food chain
and accumulates in the human body (National Research Council, 2000). MeHg can
cross the placenta and pass through the blood-brain barrier; the developing fetus is
the most vulnerable population to the adverse effects of MeHg exposure (Clarkson &
Magos, 2006; Mergler et al., 2007). A few recent studies have shown that maternal
exposure to low-level MeHg during pregnancy influenced fetal growth and development (reviewed in Karagas et al. (2012)). For many people in the world, fish/shellfish
is the primary source of MeHg exposure (National Research Council, 2000; Clarkson
& Magos, 2006), however, human dietary MeHg exposure also occurs through rice
ingestion (Rothenberg et al., 2014). Rice does not contain the same beneficial nutrients for fetal development as fish/shellfish does, such as long chain polyunsaturated
fatty acids, iodine, and selenium. Thus, maternal MeHg exposure mainly through
rice ingestion may increase adverse influences on the developing fetus without the
nutritional benefits from the consumption of fish/shellfish (Rothenberg et al., 2011).
To our knowledge, few studies reporting rice Hg concentrations or rice ingestion and
Hg biomarker levels were conducted in pregnant cohorts.
In Chapter 2, we measured the THg and/or MeHg concentrations in maternal
scalp hair and whole blood in a cohort of newborns recruited at parturition from an
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inland rural area of Guangxi, China, where rice is a staple food and Hg contamination
was considered minimal. The findings of this chapter confirmed the presence of
low-level prenatal MeHg exposure occurring in this birth cohort, and indicated that
maternal rice ingestion during pregnancy contributed to the prenatal MeHg exposure,
more so than the consumption of fish/shellfish. Meanwhile, the magnitude of prenatal
MeHg in the Daxin cohort was comparable to other pregnant cohorts worldwide with
low-level Hg exposure mainly through fish/shellfish consumption.
Furthermore, we examined the associations between socioeconomic characteristics
and dietary MeHg intake. The study population of mothers represented a typical
rural population of inland regions in Southern China. Similar to previous studies,
we found that fish/shellfish consumption was higher for mothers who possessed a
higher education level or had a higher household income (Knobeloch et al., 2005;
Mahaffey et al., 2009; Wang et al., 2009; Hightower & Brown, 2011; Zhou et al.,
2015). Notably, we found that mothers who were farmers consumed relatively low
levels of fish/shellfish, which may be explained by the limited access to fish/shellfish.
This is of interest because the food environment of famers is similar to the “food
desert”. Farmers in this cohort lived far away from the town of Daxin where diverse
food (including fish/shellfish) was sold by local markets or groceries. Such a “food
desert” may potentially affect farmers’ food access and nutritious status, however,
fewer studies in China focused on this issue.
In Chapter 3, we examined the associations between maternal Hg biomarkers
(i.e. hair THg, hair MeHg, and blood THg) and neonatal outcomes (i.e. birth
weight, birth length, head circumference, and ponderal index) in both unadjusted and
adjusted linear regression models. Firstly, we observed that birth weight z score was
inversely associated with all Hg biomarkers in adjusted linear regression models, but
the trends for hair THg and hair MeHg were significant, while the trend for blood THg
was borderline. Our findings were similar to some previous studies, which observed

128

significantly inverse relationships between birth weight and some Hg biomarkers, such
as cord blood THg (Ramón et al., 2010; B.-E. Lee et al., 2010) or maternal blood THg
(Lee et al., 2010; Ou et al., 2015). Secondly, we observed inverse but non-significant
adjusted linear relationships between all Hg biomarkers and birth length z score or
head circumference z score, which were consistent with other studies. For example, a
few studies have reported that birth length was not related with prenatal Hg exposure
in cord blood (Lederman et al., 2008; Ding et al., 2013; Guo et al., 2013; Wells et
al., 2016), maternal hair (Drouillet-Pinard et al., 2010; Guo et al., 2013), or maternal
blood (Lederman et al., 2008; Ding et al., 2013), in adjusted models. Also, six
recent studies which evaluated head circumference (Lederman et al., 2008; DrouilletPinard et al., 2010; Gundacker et al., 2010; Ding et al., 2013; Guo et al., 2013; Wells
et al., 2016) observed non-significant associations between prenatal low-level MeHg
exposure and head circumference in adjusted models. Lastly, the ponderal index was
found to be significantly decreased with increasing blood THg in adjusted models,
but not with other Hg biomarkers. Our findings were consistent with a Baltimore
study, which observed an inverse association of cord blood MeHg and ponderal index
after adjusting for potential covariates (Wells et al., 2016).
Moreover, this chapter provided an opportunity to investigate some protective
factors related to fetal growth and development, such as fish/shellfish consumption
and Se. However, the strength of the relationships between Hg biomarkers and birth
outcomes in the Daxin cohort were not affected by the inclusion of fish/shellfish
consumption frequency or maternal serum Se.

4.2

Strengths and limitations

A major strength of this study was the recruitment conducted in an area without
Hg contamination, which is helpful to understand the general magnitude of MeHg
exposure through rice consumption in a rice-eating population and the potential
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effects on fetal growth. Meanwhile, the sample size of this study is much larger than
the previous studies (Maramba et al., 2006; Rothenberg et al., 2013), which improve
the statistical power to evaluate the association between prenatal MeHg exposure
and birth outcomes. Other strengths included the application of three maternal Hg
biomarkers and four birth outcomes in this study, which made our findings more
comprehensive and comparative.
There are several limitations in this study. The FFQ for the third trimester
was conducted at parturition and was self-reported by the mothers, which might
affect the validity of the maternal consumption information due to recall bias or
wrong reporting. Moreover, we only measured 13 freshwater fish samples from Daxin
local markets and did a literature review to obtain the Hg levels in other types of
fish/shellfish. Future studies should measure Hg levels in all types of fish/shellfish
included in the FFQ.

4.3

Future studies

Future studies of prenatal MeHg exposure through maternal consumption of rice and
birth outcomes should be conducted to confirm these findings. For the present study,
we collected the information of exposure and birth outcomes at parturition. Future
studies about MeHg exposure during pregnancy could improve the study design. A
longitudinal study conducted across the duration of pregnancy would be useful for
determining the influence on fetal growth. For example, serial ultrasounds could be
used to examine fetal growth trajectory, and Hg levels in the maternal blood and hair
could be measured at different stages during the pregnancy.
Additionally, the issue of “food desert” should be considered in future studies.
The association between prenatal MeHg exposure and fetal growth may be affected
by the maternal nutritional status due to the limited access to diverse or nutritious
foods. To date, many studies have reported that the nutrition intake and diet quality
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before or during pregnancy is associated with fetal growth and development (Institute
of Medicine, 1990; G. Wu et al., 2004). For instance, poor nutritious status before
or during pregnancy was found to be associated with some adverse birth outcomes,
such as small for gestational age (Mitchell et al., 2004) and lower birth weight (Sram
et al., 2005). Some recent studies reported that neighborhood food environments
are associated with human dietary patterns (Walker et al., 2010). For example, a
US study of adults observed that participants living far away from supermarkets
(> 1 mile) were 25 - 46% less likely to have a healthy dietary pattern than other
respondents who did their food shopping within 1 mile of their home after adjustment
for confounders (e.g. age, sex, race/ethnicity, and socioeconomic factors) (Moore &
Diez Roux, 2006). It is worth noting that the dietary quality and nutrition intake
during pregnancy has a relationship with the food environment where the pregnant
women live (Laraia et al., 2004). For example, in a North Carolina study, Laraia
et al. (2004) observed that the distance to the closest supermarkets was positively
associated with the diet quality index for pregnancy after adjusting for confounders
(individual characteristics and other food retail outlets). However, to date, there are
few studies on the food environment and fetal growth and the results are inconsistent.
In a New York study, the authors observed that women living near a supermarket
had significantly fewer low birth weight births after controlling for covariates, such as
income (Lane et al., 2008). While in a Louisiana study, the authors reported that the
local supermarket density was associated with neither the gestational age nor the birth
weight-for-gestational age (Farley et al., 2006). Similarity, in a South Carolina study,
authors found that either the accessibility or the availability of supermarkets and
grocery stores was not associated with birth outcomes and gestational age (Ma et al.,
2016). Therefore, the food access in this study cohort may be a potentially important
factor influencing the fetal growth, and should be evaluated in future studies about
the association between prenatal MeHg exposure and birth outcome. For example,
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we can collect the information of individual access to nutritious or diverse foods (e.g.
fish/shellfish), such as the distance from a participant’s home to the nearest food
market and the number of food markets within a 1-mile distance from participant’s
home. Then, we can evaluate the relationship of food access with MeHg exposure
and birth outcomes.

4.4

Conclusions

In summary, these findings of this study confirm that prenatal exposure to MeHg was
occurring among newborns born in Daxin County due to maternal consumption of rice
during pregnancy. Despite the relatively low-level MeHg concentrations in maternal
biomarkers (i.e. hair THg, hair MeHg, and blood THg), we observed significantly
inverse linear relationships between birth weight and hair THg and hair MeHg, and
also between ponderal index and blood THg in adjusted linear regression models.
Future studies are needed to confirm these findings in other pregnant women cohorts
who consume rice as a staple food. Given the human exposure to MeHg mainly
through rice consumption in rice-eating populations, potential influences on fetal
growth and development could have significant implications.
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